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1. Introduction

Nowadays, robotics is developing at a much faster pace than ever in the past, both inside
and outside industrial environments. Service robotics [1], surgical and rehabilitation robotics [2–4],
assistive robotics, and other novel application fields are becoming more and more significant,
not only from technological and economical viewpoints, but also in terms of their daily life and social
implications. Even the implementation and role of robots in production lines and other traditional
frames is being widely revised, towards novel flexible [5,6] and agile [7] manufacturing systems.
Moreover, novel architectures such as cable robots [8], devices for handling of horticulture products [9]
and other service robotics tasks are also being widely investigated. In this context, research on machine
and robot mechanics, modelling, design, and control is going to play an increasingly central role,
as outlined for example in [10].

This Special Issue aims at disseminating the latest research achievements, findings, and ideas in
the robotics field, with particular attention to the Italian scenario. This Issue includes revised and
substantially extended versions of selected papers that have been presented at IFIT2018, the 2nd
International Conference of the italian branch of the International Federation for the Promotion of
Mechanism and Machine Science (IFToMM ITALY). However, we have also strongly encouraged the
submission of additional contributions from researchers working in this field who did not participate
to the IFIT 2018 Conference, in order to further widen the field coverage.

2. Advances in Italian Robotics

This journal special issue includes papers belonging to a broad range of disciplines, such as robotic
manipulation, variable stiffness actuation, mobile system, social robotics, optimization of robotic
tasks, compliance property of robot, biomedical device, collaborative robotics, trajectory planning and
wearable robotics.

In the first paper, the authors outline the influence of electric power quality on the performance of
a robotic device. Namely, voltage dip effects are addressed from an experimental viewpoint by focusing
on robotic grasping applications [11]. A specific case study is reported, by means of a three-fingered
robotic hand. The main goal of paper [12] is to introduce an original two-DoFs planar variable-stiffness
mechanism, characterized by an orthogonal arrangement of the actuation units to favor the isotropy.
Such a device combines the concepts of a one-DoF agonist-antagonist variable-stiffness mechanism
and the rigid planar parallel and orthogonal kinematics leading to an innovative solution. The authors
of paper [13] present the modeling and the validation of a novel family of climbing robots that are
capable of adhering to vertical surfaces by means of permanent magnetic elements. The robotic
system is composed of two modules, the master and the follower carts, which are arranged in a
sandwich configuration. Accordingly, the surface to be climbed is interposed between the master and
follower modules. Palli and Pirozzi in [14] present a robotized cabling of switchgears with main focus
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at a gripper with tactile sensors for the wire manipulation. In particular, the developed gripper is
experimentally tested to assess its success rate during wire manipulation.

A key challenge in the Human-Robot Interaction (HRI) field is to provide robots with cognitive
and affective capabilities, by developing architectures that let them establish empathetic relationships
with users. Nocentini et al. in [15] propose a survey of multiple models that have been proposed
in the literature as referring to three key aspects. Namely, the development of adaptive behavioral
models, the design of cognitive architectures, and the ability to establish empathy with the user.
Another emerging technology for assistive robotics is reported in [16]. In particular, this paper
addresses a low-cost mechanical design solution exploiting compliant actuation at the shoulder joint
to increase safety in human-robot cooperation of an Industrial Exoskeleton for Advanced Human
Empowering in Heavy Parts Manipulation Tasks. Authors of paper [17] address a specific industrial
application on assembly kitting lines studying the subsystems that compose a hybrid flexible assembly
workcell. In particular, the authors investigated the possibility and performance of replacing a
conventional weighting device with a vision on inspection system. The paper [18] focuses at robot
compliance modeling for achieving a compensation of small position and orientation errors of the
end-effector as well as reducing chatter vibrations. In this paper, joint compliances of a serial six-joint
industrial robot are identified with a novel modal method making use of specific modes of vibration
dominated by the compliance of only one joint. Then, in order to represent the effect of the identified
compliances on robot performance in an intuitive and geometric way, a novel kinematic method based
on the concept of “Mozzi axis” of the end-effector is presented and discussed.

Menga and Chirardi propose a control of the sit-to-stand transfer of a biped robotic device [19].
The control has been synthesized analyzing the basic laws of dynamics by considering a two-phase
dynamic setting, with an external force disturbance affecting the center of pressure under the feet.
The paper objectives are threefold: identifying the major dynamical determinants of the exercise;
sythesizing an automatic control for an autonomous device; proposing an innovative approach for the
rehabilitation process with an exoskeleton. A similar approach is later developed as referring to a device
for postural rehabilitation [20]. In paper [21], Martelli et al. propose an analysis of ankle mechanical
properties for the design of an exoskeleton to be suitable for both adults and children. Experimental
tests have carried out on 16 young adults and 10 children for the evaluation of ankle mechanical
impedance and kinematic performance. Ankle impedance was measured by imposing stochastic
torque perturbations in dorsi-plantarflexion and inversion-eversion directions. Kinematic performance
was assessed by asking participants to perform a goal-directed task. Magnitude and anisotropy
of impedance were computed using a multiple-input multiple-output system. These findings are
considered for a proper development of robotic devices.

Over the last decade, the market has seen the introduction of a new category of
robots—collaborative robots (or “cobots”)—designed to physically interact with humans in a shared
environment, without the typical barriers or protective cages used in traditional robotics systems.
The paper [22] provides an overview of collaborative robotics towards manufacturing applications.
In paper [23] Bottin and Rosati address the challenging problem of trajectory planning and optimization
by considering a redundant serial robot and a set of Cartesian via points. The proposed method
is based on a search of suboptimal paths as based on graph theory and the Dijkstra algorithm,
allowing performing a reasonably wide search of the suboptimal path within a reasonable computation
time. Malvezzi et al., in [24] address the topic of augmenting the human hand with robotic extra
fingers for a compensatory and rehabilitation purposes on patients with upper limb impairments.
The paper [25] outlines several solutions with one or two extra fingers. Underactuation and compliance
are considered as design choices that can reduce the device complexity and weight, maintaining the
adaptability to different grasped objects.

This Special Issue follows other two special issues that were published in the International Journal
of Mechanics and Control, whose content is available at www.jomac.it. In particular, Marco Ceccarelli
et al. have contributed a paper on a novel parallel mechanism for a biped robot leg application [25].
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Paolo Gallina et al. introduced the concept of Anti-Hedonistic Machine (AHM), which is designed
to “prevent people from doing something” [26]. Giulio Reina et al. reported a novel architecture
of robotic hand designed for prosthesis purposes with under-actuation features [27]. A kinematic
and quasi-static analysis of a class of Quick-Release hooks was presented by Luca Bruzzone et al.
in [28]. Paolo Boscariol et al. introduce a novel design of an electromechanical clamp for portable
ultrafiltration device [29]. Giovanni Boschetti et al. reported a novel failure recovery strategy for
direct driven cable robots [30]. Francesco Biral et al. propose an analytical model for tractors having
suspended front axle with a combination of a four-bar linkage mechanism and a hydraulic system [31].
Ilaria Palomba et al. report a technique for the reduction of nonlinear models of flexible-link multibody
systems through an equivalent rigid-link system method [32]. A novel design of a human powered
press for straw bale construction is proposed by Giuseppe Quaglia et al. as optimized for underserved
communities [33]. Francesco Timpone et al. proposed a method for on-line estimation of tyre/road
friction forces by considering various road conditions [34]. Sforza et al. presented a literature overview
on electric vehicles with independent drivetrains [35]. Giannoccaro et al. presented control aspects for
an active suspension system [36] while paper [37] deals with the modelling and simulation of vehicle
lateral dynamic behavior. Aspragkathos et al. presented a control strategy for robots with flexible
beams [38], while paper [39] provides insight on the energy efficiency of a parallel manipulator when
considering compliant elements. Finally, paper [40] addresses the application of robots for surgical
craniotomy operations.

3. Final Remarks

This Special Issue contains valuable research works focused at advances in robotics, covering a
wide area of application areas. This collection shows the high research interest in these topics with
high impact and potential for future developments.

Author Contributions: Conceptualization, G.R., G.B., G.C.; writing—original draft preparation, G.R., G.B., G.C.;
writing—review and editing, G.R., G.B., G.C.; supervision, G.R. All authors have read and agreed to the published
version of the manuscript.
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Abstract: This paper addresses the effects of electric power quality on robotic operations. A general
overview is reported to highlight the main characteristics of electric power quality and it’s effects on
a powered system by considering an end-user’s viewpoint. Then, the authors outline the influence of
voltage dip effects by focusing on robotic grasping applications. A specific case study is reported,
namely that of LARM Hand IV, a three-fingered robotic hand which has been designed and built at
LARM in Cassino, Italy. A dedicated test rig has been developed and set up to generate predefined
voltage dips. Experimental tests are carried out to evaluate the effects of different types of voltage
dip on the grasping of objects.

Keywords: robotic hands; grasping; electric power quality; voltage dips effects

1. Introduction

Nowadays, electronic equipment and computing devices are used in most types of industrial
machines and robotic devices. They are key systems for the successful implementation of most
industrial processes. However, the wide use of electronics makes this equipment more vulnerable
to disturbances in terms of power quality (PQ). PQ is related to several disturbances that include,
among others, momentary interruptions, voltage dips or sags, swells, transients, harmonic distortion,
electrical noise, and flickering lights [1]. In general, the electrical power grid is designed to deliver
power reliably with the aim of maximizing the amount of power available to customers. However,
PQ disturbances are not always taken into consideration despite the fact that they can significantly
affect industrial production, as well as permanently damage expensive equipment, costing industrial
plants millions of dollars [2]. In order to minimize these costs, it is critical for industrial customers to
understand how PQ can affect the operation of their systems and how it is possible to mitigate the
effects of PQ disturbances [1–3].

The international framework of the actual standards on PQ is based on the norms of the
International Electro-technical Commission (IEC), which is accepted as a worldwide reference.
Moreover, national or supranational committees give further indications on the maximum limits
to be imposed on PQ disturbances. For example, the European Committee for Electrotechnical
Standardization (CENELEC) is the European reference, while Comitato Elettrotecnico Italiano (CEI)
is the Italian national reference for adopting IEC and CENELEC standards. The above-mentioned
bodies have released the norm EN 50160 that defines the European and Italian standards for the PQ in
terms of voltage dips and other voltage disturbances [4]. Similarly, the norms EN 61000-4-11 and EN
61000-4-34 are adopted worldwide [4–7].

PQ is gaining significance also in robotics, and specifically in applications of service robotics.
Voltage dips, also defined by the equivalent term voltage sags, are recognized as one of the most severe
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disturbances that can affect the operation of industrial devices. The detrimental effects of voltage
dips can result both in the tripping of the protective devices with the equipment shut down and in
the malfunction of a device. The latter constitutes a sort of failure that determines a far from normal
or satisfactory functionality. Both these typologies of effects have significant economic impacts on a
system’s operation and productivity. These costs depend on many factors that are linked to the type of
manufacturing activity and to the extent of the affected area [3].

Among other industrial devices, robots certainly suffer for the presence of voltage dips in
the supply voltage. This is particularly critical in the case of collaborative robots which are
penetrating several new applications also thanks to the publication of a collaborative robotics reference
standard [8]. In fact, the recent ISO (International Organization for Standardization) norm establishes
a novel regulatory framework allowing a wide spread of collaborative robots in industrial and civil
environments. The close interaction among robots and humans makes safety one of the most significant
aspects of robot design and operation. Clearly, the effects of the voltage dips in the supply voltage can
significantly influence robot performance as well as generate potentially critical safety issues, such as
missing operations or unpredictable robot behaviors.

The case of robot grasping is quite significant, since the performance of an end-effector is
considered to be the most important contribution to achieving the successful manipulation of an
object. Several researchers have addressed the design of grasping devices with solutions ranging from
simple end-effectors (suction cups, electromagnetic devices) to finger grippers for handling specific
objects, and even complex multi-purpose robotic hands [9–13]. It appears very significant to investigate
the effects of power quality on a robot grasping, since a grasping failure implies a failure of the whole
robotic manipulation procedure. Moreover, this can have strong safety implications, especially in
collaborative robotics tasks, as mentioned in [8].

This paper addresses the effects of the voltage dips on the performance of robotic grasping.
A specific case of study is reported as referring to LARM Hand IV, a three-fingered robotic hand which
has been designed and built at LARM at the University of Cassino [14–17]. A dedicated test rig has
been designed and set up to generate predefined voltage dips to experimentally investigate their effect
on the grasping of objects with different sizes. Experimental tests are carefully analysed and discussed
to demonstrate the influence of the voltage dips on the grasping performance, as well as to propose
some mitigation actions to avoid safety implications during the grasping.

2. Main Characteristics of the Voltage Dips

The term PQ embraces a wide set of disturbances that can affect the voltage and/or current [3].
The disturbances are categorized in two groups: the variations and events [4]. Each group represents
a different type of phenomena and different ways of treating the disturbances [5,6]. The variations
and events are due to the interaction between the power supply and the devices installed at the
customers’ premises.

Variations are minor changes from the ideal value of voltage or current that show a relatively slow
reduction in value. The level of variations can be measured continuously and at predefined instants
of time. Examples of variations are the voltage amplitude variations and the waveform distortion.
Events can have large deviations from the ideal value and they can occur suddenly. Events cannot be
measured continuously because they may occur occasionally. A trigger condition is needed to measure
these events. In the group of events affecting the supply voltage, voltage dips are one of the most severe
disturbances that can affect especially industrial end-users. Several devices are significantly vulnerable
to voltage dips. The main detrimental effects of the voltage dips are the tripping of protected devices
and the degradation of the performance of a device.

A voltage dip is defined as a “sudden reduction of the supply voltage, below 90% and above 1%
of the declared voltage, followed by a voltage recovery after a short period of time” [4]. Figure 1 plots
the time of a voltage affected by a dip. In Figure 1, the main characteristic quantities of a voltage dip
are expressed as the amplitude with the symbol Vr, and the duration with the symbol Δt as shown
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in Figure 1. The amplitude of a voltage dip is the minimum value of the RMS voltage during an
event; it is known also as the residual voltage. The duration of a voltage dip is the time elapsed when
the voltage falls below the threshold value, which is assumed to be 90% of the rated value. Further
quantities can characterize a voltage dip, like the number of involved phases, the phase angle jump, or
the symmetry of the voltage dips on the phases.

Δ

Figure 1. Example of a real voltage dip in industrial frames [2].

In transmission and distribution systems, most voltage dips originate with the short circuits
and further causes include the start of a large motor and the insertion of a large transformer, or
of a high power load as can frequently happen in industrial systems. In the transmission and
distribution systems, the dips more frequently originate with short circuits in some nodes of the
electrical network. In the presence of a symmetrical solid short circuit in a specific node, two main
phenomena happen. In the node where the short circuit occurs, the voltage is equal to zero and in the
other nodes electrically close to it, the voltage is affected by the sudden reduction that represents a
voltage dip. This phenomenon lasts until the protection device clears the short circuit.

The framework of the actual standards on the limits of voltage dips is mainly referred to the IEC
and the CENELEC norms. In particular, IEC 6100-4-11 [7] states the immunity test for the devices to
define its operation class with reference to the EMC (Electro Magnetic Compatibility) and two main
classes are defined which are the Class II and the Class III. The main standard of the CENELEC is
the EN50160 that indicates the voltage characteristics of the electricity supply by public distribution
network. In particular, for the voltage dips, this standard proposes the table shown in Table 1 to classify
them according to residual voltage and duration.

Table 1 refers to all the voltage dips that can be recorded in a node. It allows for immediately
ascertaining the performance of a node in a considered period, typically at least one year. Actually, the
trends of future standardization activities on the voltage dips are towards a limitation of the number
of voltage dips that can be tolerated at any node of a system in a defined time period as the year.
The limits could be expressed using a table similar to that in Table 1. In such a case, any number of cells
would express the boundary of the performance of the power supply that any customer should expect.
Summarizing, the most important characteristics of a voltage dip are the amplitude and the duration.

Table 1. Classification of the voltage dips according to residual voltage and duration [EN50160].

Duration [ms]

Residual
Voltage u [%]

10 ≤ t ≤ 200 200 < t ≤ 500 500 < t ≤ 1000 1000 < t ≤ 5000 5000 < t ≤ 60,000

90 > u ≥ 80 A1 A2 A3 A4 A5
80 > u ≥ 70 B1 B2 B3 B4 B5
70 > u ≥ 40 C1 C2 C3 C4 C5
40 > u ≥ 5 D1 D2 D3 D4 D5

5 > u X1 X2 X3 X4 X5

9
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3. Main Features of LARM Hand IV

Several designs have been developed for LARM Hand at LARM in Cassino, as detailed for
example in [14–17]. The LARM Hand prototypes have three one-DOF (Degree of Freedom) human-like
fingers. Their main features are low-cost design and easy operation. Only one motor is needed to drive
each finger. Its torque is applied to the first link of its driving mechanism as indicated in Figure 2 with
Cm. One of the most complex design issues for LARM Hand has been the design of a suitable driving
mechanism that can be embedded in the finger body and remains within the finger body also during
its movement, as shown in the scheme of Figure 2. This patented linkage-based driving mechanism of
LARM Hand is described in full detail in references [14–17].

Figure 2. A CAD model of LARM hand with its transmission mechanism and reactions in joints.

The LARM Hand IV, shown in Figure 3, is equipped with three force sensors on each finger for
measuring the grasping force on each phalanx while its operation is achieved by means of a low-cost
PLC, which directly drives the three DC motors. A simple control logic is achieved by using a reference
force threshold and by limiting the motor input current as it is directly linked with the motor output
torque. It is worth noting that a firm grasp is achieved when all forces are in equilibrium. Therefore,
the input torque has to be regulated to ensure a firm grasp as function of several parameters including
the external force acting on the object, and the position, size, and shape of the grasped object. In this
paper, we investigate how voltage dips influence the grasping of an object while using LARM Hand IV.

 

Figure 3. A prototype of LARM Hand IV.

4. Test Rig Set-Up

Experimental activities have been carried out to validate the effects of voltage dips by developing
a dedicated test rig. The proposed test rig set up is outlined in Figure 4.

The main components of the proposed test rig are:

(1) An AC Power Source model AMX 360 by Pacific Power Source Inc. (Irvine, CA, USA)
(2) A dual stabilized Power Supply model 32DP32 by Elind (Milano, Italy);
(3) A current sensor INA 219 by Texas Instruments (Dallas, TX, USA);
(4) A LARM hand IV prototype, Figure 3;
(5) An Arduino Mega board (Tilburg, the Netherlands);
(6) A data acquisition board DAQ NI-6009 USB by National Instruments (Austin, TX, USA);
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(7) A laptop with USB ports.

The voltage generation system is used to emulate the role of the electric network behavior. In fact,
it can generate any predefined waveform. The voltage generation system is connected to a dedicated
PC via GPIB. Its operation is managed by using a dedicated software called UPC Manager. This device
is used to generate pre-defined voltage dips. The stabilized power supply that has been used is a
high-performance power supply with fast recovery time and low current ripple. A Texas Instruments
current sensor INA 219 has been selected for measuring the power supply to the LARM Hand. This has
been selected due to its low cost and easy operation in combination with a cheap Arduino Mega board
for data collection. Furthermore, the sensor resolution is suitable for the current absorbed by LARM
Hand. Instead, a National Instruments DAQ NI-6009 USB has been used for collecting voltage outputs.
This has been chosen for its convenient features in terms of cost, user-friendliness, and performance for
the data acquisition of the analog data outputs generated by the four FSR piezo resistive force sensors
that are on the LARM Hand.

≅

 

Figure 4. A scheme of the proposed test rig.

5. The Proposed Testing Procedure

The built test rig is used to perform a set of experimental tests that have been selected for
describing the most significant cases that can occur in the event of a voltage dip. For each test the
LARM hand is set to start at an open position of the three fingers, and after about 5 s the LARM hand
starts a phase with a closing operation of all fingers. This phase ends with the grasping of an object.
As soon as contact is established between the object and fingers, the force sensors convert the grasping
force into a voltage signal. The last phase consists of the opening of all fingers. Figure 5 shows a photo
sequence of the testing phases where Figure 5a is the starting phase with fingers fully open; Figure 5b
is showing the closing phase; Figure 5c shows the phase in which fingers are in contact with the object.
The letters reported in Figure 6 and Table 2 summarize the effects on the most significant cases that
can occur. Plots of the experimental tests are then reported for each case to demonstrate what is the
corresponding effect on the grasping.

 
(a) 

 
(b) 

 
(c) 

Figure 5. A sequence of the operation phases of LARM Hand during testing: (a) starting phase with
fingers fully open; (b) closing phase; (c) fingers in contact with the object.
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Figure 6. Experimental results in terms of a vulnerability curve for the whole test rig. (points a, b, c, d,
e, f, h refer to the cases that have been tested and reported within this paper).

Table 2. List of value of the voltages dip used in the test cases that are reported in Figure 6.

Residual Voltage % Voltage Dip Duration (ms) Test Case

70% 100 a
70% 500 b
70% 1000 c
40% 100 d
40% 500 e
40% 1000 f
30% 500 h

A first set of experimental tests can be defined as vulnerability tests. They are aimed at identifying
the vulnerability curve as reported in Figure 6. In particular, the vulnerability curve reports the level of
voltage supply conditions that are critical for the operation of LARM Hand. Namely, the vulnerability
curve in Figure 6 identifies a set of voltage supply conditions in which the LARM hand is not able to
run properly due to a voltage dip. It is worth noting the vulnerability depends on the combination
of the duration of the voltage dip and the residual voltage percentage. For example, a voltage dip of
250 ms will prevent the successful operation of LARM hand if the residual voltage is less than 10%.
But, a voltage dip of 250 ms will not produce any effect on the operation of LARM Hand if the residual
voltage is higher than 10%. Similarly, a voltage dip of 300 ms will prevent the successful operation of
LARM hand if the residual voltage is less than 38%. However, a voltage dip of 250 ms will not produce
any effect on the operation of LARM Hand if the residual voltage is higher than 38%. In other words:
any voltage dip, whose characteristics (residual voltage percentage and duration in ms) are below the
vulnerability curve is a K.O. condition for the system; otherwise, any voltage dip whose characteristics
are below the vulnerability curve is an O.K. condition for the system. It is important to note that there
is a region close to the vulnerability curve where the LARM hand will be running, but a degradation of
performance can be expected. The precision in identifying the O.K. and K.O. areas can be assumed to
be comparable with the accuracy of sensors (1% Full Scale). After the above-mentioned vulnerability
tests, specific tests have been carried out with the LARM hand by considering operation conditions
being close to the vulnerability curve. The following aspects have been considered as performance
parameters for the behavior of LARM Hand during voltage dips:

(1) Absorbed current by LARM hand;
(2) Tension output from the force sensor.

The tests that have been carried out can be divided into two main cases:
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A. Normal condition with LARM hand being is supplied by a nominal sinusoidal voltage
without disturbances;

B. Voltage Dip condition with LARM hand being supplied by a sinusoidal voltage with
voltage dips.

The type A case has been investigated to obtain the nominal performance of the LARM hand in
order to have reference nominal output data. The type B cases aims to evaluate the effect of voltage
dips on the grasping performance of LARM Hand. In particular, type B cases have been investigated
by considering the voltage dip cases, which are reported in Table 2. Results of type A and type B cases
are reported in the following section.

6. Testing Results

A first set of experimental results refers to the nominal performance of LARM hand as defined in
the type A testing case in the previous section. In particular, it has been possible to collect the current
absorbed by LARM Hand in nominal conditions as reported in the plot of Figure 7. Moreover, the
output grasping force has been obtained as measured by the force sensors on each finger of LARM
hand in nominal conditions as shown in Figure 8. The experimental data in Figures 7 and 8 are
collected by using two different data acquisition boards, as shown in the scheme of Figure 4. The data
sampling is synchronized using a common trigger while different sampling rates have been selected
according to the different characteristics of the collected data.

Referring to Figure 7 it is possible to observe that in the first line segment the current value
absorbed from the system has an average value of 750 mA. The current negative peak occurs in relation
with the closing operation. This operation ends with a stabilized current value (660 mA) allowing a firm
grasp. It is of note that a firm grasp is defined in terms a static equilibrium of the grasped object with
no relative motion with respect to the fingers in contact with the object. The time period is identified
from the experimental data by identifying the grasping force changes and getting the corresponding
time interval. From the collected data the closing operation lasts for 531 ms corresponding to the time
needed to reach about 6 N from 0 N.

 
Figure 7. Experimentally measured absorbed current by LARM hand in nominal conditions.

Figure 8. Experimentally measured grasping forces in nominal conditions.
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Moreover, Figure 8 shows that the measured grasping forces are all zero until the finger touch
the object during the grasping. Then, the grasping force quickly grows until a firm grasp is achieved.
At this time oscillations of the grasping force are measured due to small motions of the object as well
as due to small changes in the contact point between the object and the sensors as well as small joint
clearances on LARM Hand. Additionally, Figure 8 shows that the measured grasping forces on finger 2
and finger 3 are similar to each other while the grasping force on finger 1 is nearly twice as much as on
finger 2 or finger 3. This is due to the design of LARM hand where finger 1 is placed opposite to both
finger 2 and finger 3 so that it needs to apply twice as much force to balance the combined forces due
to finger 2 and finger 3.

The following set of experiments refer to cases a, b, and c in Table 2 where voltages dips with
residual tension of 70% have been considered. For these cases, any duration of the voltage dip did
not generate an appreciable variation on the grasping performance of LARM Hand. Given the similar
performance of cases a, b, and c in Table 2, only case c is reported here. This case refers to a voltage dip
with residual voltage of 70% and duration of 1000 ms. The measured plots for this case are reported in
Figures 9 and 10. In particular, Figure 9 shows a comparison of the current absorbed by LARM Hand
in nominal conditions and during a voltage dip of 70% and duration of 1000 ms. Figure 10 shows a
comparison of one of the measured grasping forces by LARM Hand in nominal conditions and during
a voltage dip of 70% with duration of 1000 ms. No significant differences can be identified in this case.

Figure 9. Experimentally measured absorbed current with a voltage dip 70% with duration 1000 ms
(case c in Table 2).

Figure 10. Comparison of the grasping force in normal conditions and voltage dip conditions 70% with
duration 1000 ms (case c in Table 2).

The tests with voltage dip with residual tension of 40% and duration of 100 ms (case d in Table 2)
have not shown any significant difference as compared with cases a, b, and c. Therefore, the related
plots have not been reported in this paper.

The next considered case refers to a voltage dip with residual tension of 40% and duration of
500 ms (case e in Table 2). In Figure 11 it is possible to note the effect that this type of voltage dip has
on the current absorbed by the LARM Hand. This result is even clearer in the zoomed view that is
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shown in Figure 12, where the finger closing operation phase is shown. In particular, it is possible to
identify in this plot a heavy ripple current. This ripple causes a significant degradation of the grasping
performance, introducing a relevant delay in achieving the grasp. The produced grasping delay is
longer than the duration of the voltage dip as the system takes some time to recover from the voltage
dip and to go back to nominal operation conditions. The plot of the grasping force that is reported
in Figure 13 shows clearly the effect of the measured current. In fact, the comparison between the
measured forces with voltage dip and in nominal conditions shows a very significant change of the
grasping force in terms of a step in the grasping force that significantly affects the achievement of
a firm grasp. The first contact between the finger and the grasped object shows a similar value of
grasping force, but after the voltage dip ends the system starts to get more current and this causes a
grasping force increase on the object with the need of achieving a new grasping equilibrium condition
and a higher risk of losing the firm grasp of the object, as indicated by the increase of the grasping
force after the voltage dip.

Figure 11. Experimentally measured absorbed current with a voltage dip 40% with duration 500 ms
(case e in Table 2).

Figure 12. A zoomed view of the absorbed current in Figure 11 with a voltage dip 40% with duration
500 ms (case e in Table 2) during the finger closing operation.

Figure 13. Comparison of the grasping force in normal conditions and voltage dip conditions 70% with
duration 1000 ms (case e in Table 2).
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The next considered case refers to a voltage dip with residual tension of 40% and duration of
1000 ms (case f in Table 2). In Figure 14 it is possible to note the effect that this type of voltage dip
has on the current absorbed by the LARM Hand, which is similar to case e in Table 2. Figure 15
shows a zoomed view of Figure 14 by referring to the finger closing operation phase. In this plot
there is a significant current ripple causing a significant degradation of the grasping performance and
introducing a relevant delay in achieving the grasping. The produced grasping delay is significantly
longer than the duration of the voltage dip, as the system takes some time to recover from the voltage
dip and to go back to nominal operation conditions. The plot of the grasping force that is reported
in Figure 16 shows clearly the effect of the measured current. In fact, the comparison between the
measured forces with voltage dip and in nominal conditions shows a very significant change of
the grasping force in terms of a step and a delay of about 140% in the grasping force. This effect
significantly affects the achievement of a firm grasp although this is smoother than the previously
analyzed case e in Table 2.

Figure 14. Experimentally measured absorbed current with a voltage dip 40% with duration 1000 ms
(case f in Table 2).

Figure 15. A zoomed view of the absorbed current with a voltage dip 40% with duration 1000 ms (case
f in Table 2) during the finger closing operation.

Figure 16. Comparison of the grasping force in normal conditions and voltage dip conditions 70% with
duration 1000 ms (case f in Table 2).
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In the last case the voltage dip has such characteristics to fall fully below the vulnerability
curve shown in Figure 6. This is the heaviest voltage dip in terms of residual voltage, which has
been experimentally tested with residual voltage of 30% and duration 500 ms (case h in Table 2).
The measured absorbed currents for this case are shown in Figure 17. This plot shows the current
absorbed by the LARM Hand is drastically modified as compared with the nominal case. The reason is
that this voltage dip causes the re-initialization of the system and the release of the grasped object with
a complete manipulation failure.

Figure 17. Experimentally measured absorbed current with a voltage dip conditions 30% with duration
500 ms (case h in Table 2); in this case, the LARM Hand fully turns off and re-initializes after the
voltage dip.

Results of the reported experimental tests prove the significant influence of voltage dips on the
grasping performance. In particular, tests have identified four main cases:

• Voltage dips above the vulnerability curve, Figure 6, (residual tension between 90% and 70% of
the nominal value and duration under 500 ms): They do not generate any significant degradation
of the performance.

• Voltage dips below the vulnerability curve, Figure 6, (residual tension below 40% of the
nominal value and duration above 400 ms): They generate a quite significant performance
degradation with a temporary complete system shut down. This case is the most undesired one
as the grasping/manipulation process is stopped with potential economic implications in an
industrial production as well as potential safety implications if the grasping is performed during
human-robot collaborative tasks.

• Voltage dips close to the vulnerability curve shown in Figure 6, (cases between the previous ones):
In these cases, there is a progressive degradation of performances. The most evident effect is
current ripple and a delay in current supply that is amplified in terms of evident delays and
steps in the grasping forces that significantly affect the firm grasping as well as that can produce
damages on grasped objects due to unexpected overloadings.

• With voltage dip with 40% of residual voltage and duration of 500 ms cause a delay of the
closing operation, which goes from the initial 531 ms in normal conditions to 700 ms, the closing
time increasing by 40%. Even the absorbed current is affected by a big variation the maximum
difference from the one in normal condition and the one in presence of voltage dip is 500 mA.
Further, the grasping force suffers from sudden step variations in magnitude that can cause
significant problems, especially while grasping very delicate objects.

The investigated operation of LARM hand can be considered as a case study offering some general
rules. In particular, this gives insight on the significance and potential usage of the vulnerability curve
for predicting and addressing the behavior of any robotic grasping device with respect to power quality.
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7. Conclusions

This paper is focused on offering an evaluation of the effects of voltage dips on robot operation
by looking at a case study a prototype LARM hand. The main characteristics of electric supply failures
are addressed to outline both the occurrences and effects on a robotic system. The specific analysis
and testing on grasping by the LARM hand shows that electric voltage dips can significantly affect the
robotic operation. A specific vulnerability curve has been identified to predict the effects on the robot
operation that are produced by the electric power supply input in terms of duration and magnitude of
a voltage dip.
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Abstract: Variable-Stiffness Actuators are continuously increasing in importance due to their
characteristics that can be beneficial in various applications. It is undisputed that several
one-degree-of-freedom (DoF) solutions have been developed thus far. The aim of this work is to
introduce an original two-DoF planar variable-stiffness mechanism, characterized by an orthogonal
arrangement of the actuation units to favor the isotropy. This device combines the concepts forming
the basis of a one-DoF agonist-antagonist variable-stiffness mechanism and the rigid planar parallel
and orthogonal kinematic one. In this paper, the kinematics and the operation principles are set out
in detail, together with the analysis of the mechanism stiffness.

Keywords: parallel kinematic architecture; agonist-antagonist variable-stiffness actuator; tendon-driven
mechanism; stiffness analysis; planar movements

1. Introduction

A Variable-Stiffness Actuator (VSA) permits the adjustment of both the position and stiffness
of the load [1]. The fundamental aspects of a VSA are: (i) real-time adjustable stiffness requiring
neither force sensors nor transmission backdrivability; (ii) robustness to external perturbations and
unpredictable model errors; (iii) adaptability and force accuracy in the interaction with the operator;
(iv) suitable for direct interaction with humans in the presence of safety requirements, limiting the
force of collisions in the event of a malfunction or unexpected movements.

The above aspects, as well as the onset of new field of applications, are making them increasingly
viable solutions. In fact, a first attempt to organize the numerous available technologies and solutions
presented in the scientific literature was considered necessary and fundamental to establish a common
language for designers and potential users [2]. Different types of VSA actuation schemes have been
developed thus far [1,3]. In particular, it is worth mentioning, the so-called principle of operation of
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the agonist-antagonist [4], commonly used in such devices and adapted to the kinematic architecture
set out in the present work.

Usually these are made up of two Series Elastic Actuators (SEA) arranged in parallel to a
mobile mass as shown in Figure 1. SEAs are constituted by a rigid actuator and a non-linear spring
assembled serially [5]. The nonlinearity of the elastic element is necessary to allow the adjustment
of the VSA stiffness [6]. Non-linear springs can be realized in different ways. An example of these,
are non-homogeneous coil springs, obtained by varying the pitch or the diameter along the axis.
With the same objective an alternative solution would be to employ cams with variable-radius, e.g., [7,8].
In fact, the vast majority of the VSAs developed thus far are characterized by a one-DoF actuation
scheme. To the authors’ knowledge only one two-DoF mechanism enabling planar movements has
been developed up to now [9]. This is a cable-driven device arranged on a triangular framework, with
three non-linear SEAs. Due to the presence of three tendons, the possibility to adjust the stiffness of
the load along different directions is limited. Moreover, each tendon is controlled independently by
two actuators, thus requiring six of these.

Figure 1. Schematic representation of a one-DoF agonist-antagonistic VSA: two antagonist non-linear
SEAs si, made up of a rigid actuator ai and a compliant element with stiffness ki exerting opposite
forces fi, control the position and the stiffness of a mobile mass m.

To take the existing architecture one step further and enhance the isotropy in terms of stiffness
and decoupling of degrees of freedom, an original kinematics two-DoF planar solution based on
two orthogonal tendon-driven VSA actuation schemes was developed and is presented in this work.
Its original kinematics allows one to tune, at the same time, both the equilibrium position and the
stiffness of a mobile platform along two orthogonal directions. The orthogonal configuration is an
arrangement that helps to reach an isotropic behavior in the entire workspace [10–12].

Moreover, the architecture has been conceived with the aim of minimizing the number of actuators
required. In fact, the architecture presented within this work uses only four actuators, being the
minimum number required to control both the equilibrium position and the mechanical stiffness of a
mobile mass along two orthogonal directions. Combining the typical modularity of VSA antagonist
actuators, the architecture presented herein is essentially made up of two orthogonal VSAs, as shown
in the scheme set out in Figure 2, within which each one of these are characterized by two antagonist
identical submodules.

Figure 2. Schematic representation of a two-DoF agonist-antagonist VSA: two one-DoF VSAs are
arranged orthogonally with respect to a mobile mass.
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The paper is organized as follows: the nomenclature is listed in Table 1; the kinematic architecture
is presented in Section 2; the force and stiffness analysis is described in Section 3; conclusions are
drawn in Section 4.

Table 1. Table of symbols.

Symbol Description

P... Geometric point
{ f } Reference frame. {w} denotes the global reference frame.
P...( f ) =, [P...,x( f ), P...,y( f )]

T Coordinates x and y of point P... WRT { f }. If no { f } is indicated, {w} is
understood.

Ṗ First time derivative of P
O f Origin of { f }
{e f ,x, e f ,y} Axes of { f }
d(P, Q) Distance between point P and Q
v = [vx( f ), vy( f )]

T , v = vuv Vector v, with components vx( f ) and vy( f ) WRT { f }, of magnitude v and
direction uv

v(Q, P) = Q − P Vector from P to Q applied in P.
u(Q, P) = v(Q,P)

|v(Q,P)| Unit vector from P toward Q.
u(v) = v

|v| Unit vector of v.

2. Kinematics

Let us refer to Figure 3 and to Figure 4 for a graphical representation of the kinematic architecture
under consideration. The former is a simplified scheme of two main embedded submodules. The latter
is a completed scheme of all the main components and sets out all the required symbols for a complete
geometrical and analytic description.

(a) Tendons subsystem (b) Carriages subsystem
Figure 3. Simplified representations of the two main submechanisms embedded in the presented
architecture. Continuous lines refer to the two horizontal antagonist actuators, dotted lines refer to
the two vertical antagonist actuators. (a) The tendons subsystem includes two orthogonal pairs of
antagonistic non-linear SEA. The direction of the tendons is defined by four carriages cij which embeds
deflecting pulleys. (b) The carriages subsystem depicts the principle of operation of the tendon-based
system which guarantees that the tendons are constantly orthogonal if no external force is applied to m.
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(a) Global view (b) Carriage cij

Figure 4. Top view of the mechanism. Modules g00 (dotted black lines) and g01 (dashed black lines)
apply pulling forces along the horizontal direction. Similarly, g10 (dotted grey lines) and g11 (dashed
grey lines) apply pulling forces along the vertical direction.

The two-DoF planar VSA presented in this work is made up of four almost identical actuation
modules, orthogonal and antagonistic in pairs, identified by gij, where i ∈ {0, 1} and j ∈ {0, 1}.
The subscripts (ij) indicate hereafter both the direction and the orientation with respect to {w},
being the global planar reference frame. This notation has been chosen for the sake of generality.
Nevertheless, referring to Figure 4, the subscript i is the actuation direction and, specifically, i = 0 and
i = 1 correspond to i = ew,x and i = ew,y, respectively, whereas, the subscript j refers to its orientation
and, specifically, j = 0 and j = 1 correspond to the same or the opposite orientation of the specified i
unit vector, respectively. Moreover, let us define ī and j̄ the complement to 1 of i and j, respectively.
Accordingly, given that gij refers to, generically, one of the four actuation modules, gīj and gīj̄ refer to
the two actuation modules perpendicular to gij and antagonists between them.

A mobile body m is connected to the ground by means of four wires wij tensioned by non-linear
springs kij, each of these belonging to gij. Wires wij are wrapped around four pulleys concentric to the
center of m, indicated by M.

By hypothesizing that the inertial and external forces acting on m are disregarded, this system
configuration shows the characteristic of applying to m a set of forces fij, parallel to i with orientation j,
antagonist and orthogonal in pairs.

The generic module gij is made up of:

• a rotational actuator aij characterized by the rotational coordinate θij and the torque τij;
• a non-linear spring kij, assumed to be identical ∀i, j, with length lij = d(Sij, Gij) = Δlij + lij,eq,

indicating Gij as ground point, Sij the free endpoint of wij, lij,eq the preload length of the spring,
and Δlij the length variation from the preload length;

• a wire wij actuated by aij at one of its endpoints, exerting on M the pulling force fij due to the
elongation of kij;

• a carriage cij, ensuring the correct direction of fij;
• a set of synchronous belts bijl , with l ∈ {1, 2, 3}, with the task of synchronizing the motion of the

carriages cīj and cīj̄ with respect to M thus assuring the orthogonality of the antagonist force pairs
(fī j and fī j̄) acting on the end effector.
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As can be seen from Figure 4a, the only difference between g0j and g1j (for each j) is the length of
belts bijl for assembly purposes. We can moreover denote:

• fm the external force applied to m;
• vi each couple (gi0, gi1) constituting an antagonistic VSA.

Referring to Figure 5 and ignoring inertial effects, the position of m (i.e., M) can be obtained by
solving the equilibrium equation:

2

∑
i=1

2

∑
j=1

fij + fm = fs + fm = 0. (1)

where fs denotes the total force exerted by the springs on m.

Figure 5. Representation of forces applied to m in a generic configuration of the mechanism.

The mechanical transmission of this architecture, constituted by cij, wij and bijl , ensures that the
forces applied to m are orthogonal and antagonistic in pairs, as set out below (Figure 4):

f01 = −f00, f11 = −f10, f00 ⊥ f10, (2)

and assuming that all kij are identical and no external forces are applied, i.e., fm = 0. This is an aspect
which can be anticipated to control both the equilibrium position and the stiffness of m along two
orthogonal directions in performing planar movements.

We will now focus on the generic carriage cij to illustrate the transmission mechanism represented
in Figure 4b where {cij} denotes its local reference frame. Each cij includes four pulleys qijk, with
k ∈ {1 . . . 4}, each center being indicated by Qijk. Pulleys qij1 and qij2 are configured so that
v(Qij1, Ocij) = − v(Qij2, Ocij), and ecij ,x = u(Qij1, Ocij). Pulley qijm is fixed to m and centered in
M, pulley qij5 is affixed to the ground. It must be pointed out that qijm∀i, j are four pulleys (one per
gij) centered in M, coaxial, and placed side by side along their axis. By hypothesizing fij as coplanar,
notwithstanding the slight displacement which might occurs among pulleys for construction reasons
(Figure 6b).

The wire wij, connected to the ground point Gij through kij at its endpoint Sij, partially enveloped
in series on qij1 qijm qij2 qij5, applies the pulling force fij on m.

The transmission mechanism of two antagonistic modules (Figure 6) has the objective of
synchronizing cij among them so that

M ∈ ecij ,y ∀i, j (3)
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in this way (2) is respected, since fij ‖ u(Ocij , M).

(a) Global view

(b) End effector (c) Carriage
Figure 6. Three-dimensional representation of the VSA v0. Greyed pulleys are drive pulleys actuated
by a00, white pulleys are driven pulleys. Dashed pulleys are connected to a00, dotted pulleys are
connected to a01. Conceptually it represents even v1, neglecting a few mechanical details due to the
different lengths of the belts.

Referring to Figure 4b and Figure 7, it is

Ṁi =
θ̇i0rw − l̇i0

2
= − θ̇i1rw − l̇i1

2
∀i, (4)

where Ṁi denotes the velocity of M along the i direction.

(a) θ̇00 = −θ̇01: M moves, stiffness is constant (b) θ̇00 = θ̇01: M is steady, stiffness changes

Figure 7. Effects of opposite or same rotation velocities of a00 and a01. The red and black tendons are
antagonist and control the position and the stiffness along the horizontal direction.
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If no external force is applied to m, the result is
∣∣fij

∣∣ = ∣∣∣fi j̄

∣∣∣ by reason of (2) above and as the
fij are exerted by kij, the result is li0 = li1 = li. Differentiating with respect to the time, one obtains
l̇i0 = l̇i1 = l̇i. Therefore, (4) can be written in the following form

l̇i = rw(θ̇i0 + θ̇i1)/2 (5)

which, if substituted in (4), will result in

Ṁi =
(θ̇i0 − θ̇i1)rw

4
(6)

Referring to Figure 6, rw,rb indicate the radius of the pulleys enveloped by wij,bijl and actuated
through aij, respectively. If Bijl is a generic point of the belts bijl , the following relationship results:

∣∣∣Ḃijl

∣∣∣ = rb θ̇ij ∀Bijl ∈ bijl ∀i, j. (7)

Each cij includes two pulleys qij3 qij4 enveloped by the belt tij arranged in a manner that
v(Qij3, Qij4) ‖ ecij ,x. The velocities of two opposite points Tij1, Tij3 ∈ tij with respect to the velocity of
cij are set out in (Figure 4b, Figure 7):

Ȯcij = (Ṫij1 + Ṫij3)/2 ∀i, j (8)

Therefore, constraining Bij1 and Bij̄3 (chosen for the sake of convenience), to Tīj1 and Tīj3,
respectively, and combining (6), (7) and (8) so that Ṁi = Ȯcīj

∀i, j in order to satisfy condition (3),
the result is

rw = 2rb, (9)

that is used as a design parameter to ensure (2).
It is noteworthy to underline that the architecture presented herein minimizes the total number

of actuators required for the functional specification needed. In fact, four is the minimum number of
actuators to independently control position and stiffness along two orthogonal directions.

The deformations of tension springs due to the application of an external force to the mobile mass
M is set out in Figure 8.

Figure 8. Springs elongation if an external force is applied to M, deviating it to Mf from its equilibrium
configuration Meq.
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3. Force and Stiffness Analysis

Generally, because of its intrinsic compliance, if fm �= 0, m deviates significantly from its
equilibrium position, thus causing it not to comply with (2) even if it complies with (9). Consequently,
the orthogonality between v0 and v1 is no longer respected. Therefore, it is necessary to evaluate the
actual mechanical characteristic of m, i.e., the relationship between the displacement and the force fm,
taking into consideration the possibility of large displacements from the equilibrium configuration.

Let us refer to Figure 9, a zoomed view of Figure 5, for symbols and nomenclature used in this
force and stiffness analysis. In particular, we have defined Meq the position of M if fm = 0, and M f the
position of M if fm �= 0. We can moreover denote by ΔM = M f − Meq. Given a force fm, the resulting
position of M can be obtained by solving Equation (1). However, to characterize the mechanism and
given the intrinsic nonlinearity of the system, it is necessary to evaluate fs, opposite to fm, in function
of the position of m. It is moreover useful to take into consideration the representation of fs both in
Cartesian and polar components. For the sake of convenience, we will define:

• fs,x = fs · ew,x, x component of fs with respect to {w};
• fs,y = fs · ew,y, y component of fs with respect to {w};
• fs,r = fs · u(ΔM), component of fs parallel to ΔM;
• fs,t =

√
f 2
s − f 2

s,r, component of fs normal to ΔM.

Figure 9. Detailed view of Figure 5 representing forces applied on m.

More particularly, fs,r denotes the amount of force oriented toward the equilibrium point
and fs,t denotes the amount of force perpendicular to the displacement vector, due to reasons of
non-orthogonality, misalignment, and asymmetry.

The local stiffness of m along different directions can be evaluated by partial derivatives of fs with
respect to space

kx =
∂ fs,x

∂x
ky =

∂ fs,y

∂y
kr =

∂ fs,r

∂r
kt =

∂ fs,t

r∂θ
. (10)

where x = Mf ,x(w), y = Mf ,y(w), r = |ΔM| and θ = arctan 2(ΔMy, ΔMx).
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Some numerical evaluations are reported and commented hereunder to better understand the
mechanical behavior of the mechanism. Without loss of methodological generality, let us refer to a
mechanism with unitary quantities by considering the International System of Units. The following
assumptions are made:

• referring to Figures 5 and 9 the analyzed workspace is in the interval −1 m≤ x, y ≤ 1 m;
• kij is assumed to be a quadratic spring exerting a force fk,ij = akl2

ij = ak(Δlij + lij,eq)
2, with

ak = 1 N/m2;
• l0j,eq = l1j,eq = 1 m, i.e., halfway through its available stroke (Figure 4b).

The choice of a quadratic spring is due to the fact that a quadratic force-length function of the actuators
in antagonist VSA makes the stiffness of the mobile body independent from the load externally applied
to it [6]. This makes it the most common and sought-after spring characteristic in one-DoF VSAs. It is
important to numerically assess how the asymmetries and non-orthogonalities, which take place by
varying the M position, affect this aspect.

Regardless of these assumptions, the reasoning and the methodology behind the simulations
presented can be adapted to any type of spring and dimension by using a developed parametric
numerical routine.

Referring to Figure 10, let us firstly analyze force components fs,r, fs,t and stiffness kr in some
specific points within the workspace. It is evident that the majority of the isotropic behavior occurs if
Meq is placed in the center of the workspace and that the symmetry of this configuration considerably
limits any tangential force fs,t which deviates from the line connecting Mf to its equilibrium point Meq.

Approaching the boundaries of the workspace, edge effects and asymmetries are increasingly
evident. It is noteworthy that if both Mf and Meq are on one the symmetry axes of the workspace,
no tangential force occurs due to existing force symmetries. It is further worth noting that not all
the workspace is reachable because of the limits of the kij stroke. In any event, for the purposes of
this work, force and stiffness values for all the points under investigation in the workspace have
been plotted. In this way one can obtain a more general overview of force and stiffness variations
with the focus being placed on the architecture analysis and overlooking potential limitations due to
construction reasons.

Referring to Figure 11, and more specifically to the condition l0j,eq/l1j,eq = 0.2 which is indicated
by a dot, Figure 12 highlights how, by using two different preload lengths on VSAs v0 and v1, one can
deform the force field in order to obtain different values of stiffness along two orthogonal directions of
the workspace.

Figure 13 shows how the stiffness between two orthogonal directions can be modified by varying
the preload length of one of the two VSA and disregarding the other.

By using the force maps, such as the one shown in Figures 10 and 12 one can easily estimate the
applied force as a function of the actual displacement of m with respect to its equilibrium position.
Moreover, stiffness ellipsis, for specific values of spring preloads, are set out in Figure 14.
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(c) kr(N/m); Meq = (0 m, 0 m)
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(d) fs,r(N); Meq = (1 m, 0 m)
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(e) fs,t(N); Meq = (1 m, 0 m)
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(f) kr(N/m); Meq = (1 m, 0 m)
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(g) fs,r(N); Meq = (0.5 m, 0.5 m)
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(j) fs,r(N); Meq = (1 m, 0.5 m).
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(k) fs,t(N); Meq = (1 m, 0.5 m).
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(l) kr(N/m); Meq = (1 m, 0.5 m)

Figure 10. Radial force fs,r, tangential force fs,t and radial stiffness kr with Meq in some notable points,
by assuming l0j,eq = l1j,eq = 1 m (i.e., halfway through its available stroke) and quadratic springs.
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as function of the ratio l0j,eq/l1j,eq, varying Δl1j,eq, ∀j (colored lines). High ratios, i.e., increasing the
difference between stiffness along x and y, can be achieved applying short preload lengths. Therefore,
high values of forces can be obtained increasing the stiffness of the springs ak.
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Figure 12. Force components and stiffness mapped in the neighborhood of Meq with Meq considered
in the center of the workspace, i.e., Meq = (0, 0), assuming l0j,eq = 0.1 and l1j,eq = 0.5.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

5

10

15

20

25

30

35

Figure 13. Stiffness along x and y as function of l0j,eq assuming l1j,eq = 0 in the center of the workspace,
i.e., Meq = Mf = (0, 0). It represents how stiffness varies considering only VSA0 with different preload
lengths, neglecting VSA1.
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Figure 14. Stiffness ellipsis as function of the preloads l0j,eq and l1j,eq.

4. Conclusions

This work presents a novel variable-stiffness mechanical architecture. It features an innovative
two-DoF parallel and orthogonal architecture capable of favoring isotropic behavior and tuning
stiffness ellipsis along two independent axes. The orthogonality of agonist-antagonist tendons is
ensured by a custom-made mechanical transmission. Analytical aspects and numerical simulations
have been presented to illustrate and investigate the kinetostatic characteristics of this mechanism.

The mechanism allows configuration of stiffness ellipses with axes approximately parallel to the
axes of the structure with very different components. This result is true in the center of the work area
and worsens depending on the proximity to the boundaries. This is a general result of the theory and
not limited to any particular prototype. This happens despite the use of pairs of quadratic springs,
which allow tuning of the stiffness of the mobile body if employed in one-dimensional antagonist VSA,
independently from its displacement from the equilibrium position. Asymmetries and non-linearities
of force and stiffness characteristics are increasingly evident, the closer the equilibrium point is to the
boundaries. This aspect must be considered in developing a control system of a mechatronic device
based on the presented architecture, to properly estimate the externally applied force and to control
the mechanical stiffness of the mechanism.

To exploit the potentialities of the mechanism it is convenient to add sensors to measure both the
positions of the motors and the elongations of the springs. By combining them, it is possible to measure
the actual position of the mobile body and to estimate the externally applied force. Additional limit
switches could be embedded for resetting purposes if incremental position sensors are used. The actual
resolution of the selected sensors will depend on the target actual resolution of a real device. As a
general remark, the higher the resolution and the acquisition frequency of the sensors are, the higher is
the performance of force-feedback and vibration control algorithms eventually implemented.

Being a cable-driven mechanism, its main limitation is related to the risk of slacking wires,
as in other wire-based VSAs. This aspect requires that all the tension springs and wires are enough
preloaded, in accordance with the maximum force applied to the load, which should not be greater
than the preload.

The current work refers to a general description of the mechanism to analyze it peculiarities,
independently from the actual dimensions of a possible prototype. To correctly dimension a real
device, it will be required to perform specific calculations based on the presented model.

The mechanism presented in this paper is proposed to be embedded in two-DoF planar haptic
devices, for which high mechanical backdrivability is foreseen and where a compliant tunable behavior
is required. For this reason, it is embedded within PLANarm, the prototype of a two-DoF end-effector
planar device for upper-limb neurorehabilitation (Figure 15).
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(a) Kinematics (b) CAD model

(c) Prototype

Figure 15. PLANarm prototype which exploits the variable-stiffness kinematic architecture presented
in this work and embeds cam-based non-linear springs.
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Abstract: In this paper, we present the modeling and validation of a new family of climbing robots
that are capable of adhering to vertical surfaces through permanent magnetic elements. The robotic
system is composed of two modules, the master and the follower carts, which are arranged in
a sandwich configuration, with the surface to climb interposed between them. Thanks to this
configuration, the mobile robot can climb even nonferromagnetic and curved surfaces; moreover,
the master cart is capable of freely moving on the floor by detaching from the follower. In this paper,
we propose the mathematical modeling, simulation, and experimental validation of this kind of
robots, with particular focus on the transitions between floor and climbing motion.

Keywords: mobile robot; climbing robot; wheeled robot; magnetic adhesion

1. Introduction

In recent years, mobile robots have become increasingly common and have found applications
in several different fields. For example, they are employed in the industrial and commercial field for
material handling and stocking [1], in agriculture for inspection and monitoring [2,3], in civil contexts
for cleaning operations [4], surveillance [5], proximal sensing [6], and service tasks [7], as well in space
exploration and hazardous environments [8–10].

In this context, a special family of mobile robots is that of robots capable of climbing on
wall surfaces. Climbing robots are often adopted for inspection and safety in process industries,
maintenance, and diagnosis in civil constructions, as well as in places where the presence of a human
can be very expensive or dangerous due to a hostile environment. Climbing robots have to be
lightweight, carry sensors and instrumentation, and have to be provided with a proper locomotion
and adhesion system with respect to the surface they have to climb. Several different adhesion
methods were investigated and tested in the literature: vacuum or suction cups, gripping to the
surface, bioinspired adhesion methods, and magnetic adherence [11].

The use of suction force, generated through the Venturi Principle or by means of vacuum pumps,
is the most common approach to provide adhesion to a climbing robot. Vacuum technology is usually
light, easy to control, and allows to climb over arbitrary surfaces. The main drawbacks are the required
time to generate the vacuum, the problem of carrying suction pumps on board, and the limits given by
possible surface irregularities. Examples can be found in References [12–14].

Another approach for climbing robots is gripping to the surface by means of claws, limb extremities,
or gripping systems. This method allows to climb more irregular surfaces, such as in References [15,16].

Robotics 2019, 8, 41; doi:10.3390/robotics8020041 www.mdpi.com/journal/robotics35
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Bioinspired adhesive methods are another solution to guarantee adhesion to wall-climbing robots.
These technologies are based on the use of patches of microscopic hairs that ensure dry adhesion
thanks to Van der Waals forces, as on the legs of several insects, geckos, or spiders [17]. Examples of
bioinspired adhesive-climbing robots can be found in References [18–20].

Magnetic force is another principle for creating adhesion in wall-climbing robots. Permanent magnets
have several advantages with respect to other adhesion systems: they are inherently reliable, and low
cost and no energy are required for adhesion [21]. Magnetic-adhesion climbing systems work very
well when the surfaces to climb are composed of ferromagnetic materials. Robotic systems can either
be equipped with permanent magnets to adhere onto the surface combined with wheels to move along
it [22,23], or can adopt magnetic wheels that combine locomotion and adhesion [24,25]. In the first case,
the presence of an air gap has to be taken into account; thus, the force of adhesion is reduced. On the
other hand, magnetic wheels provide higher adhesion forces since they are in direct contact with the
ferromagnetic surface. Another approach of wall climbing with the principle of magnetic adhesion
is given by crawler-based robots [26–28]. Magnetic adhesion wall-climbing robots were adopted in
several applications, such as in nondestructive tests [22,23], or for the inspection of ship hulls [27–29].

If the surface onto which wall-climbing robots have to adhere is nonferromagnetic, a possible
solution to using magnetic-adhesion systems is to adopt a robot composed of two modules: a
master and a follower cart. They are arranged in a sandwich configuration, with the surface
to climb interposed between them. Thanks to this approach, the robotic system can climb even
nonferromagnetic and curved surfaces; moreover, the master cart is capable of freely moving on
the floor by detaching itself from the follower. The added advantage is that this system does
not require power, allowing for more compact, lighter, and cheaper robots; indeed, contrary to
some proposed concept that does not rely magnets (e.g., References [12,13,17,30]), this method is
passive and does not continuously require power. No examples of wall-climbing robots based
on magnetic adhesion and composed of two coupled subsystems can be found in the present
literature. There exist some industrial examples of these sandwich robots, e.g., the Windowmate
robot produced by RF Co. (http://www.mywindowmate.com), and Windoro produced by Iishim
Global Co., Ltd. (http://www.mywindoro.com). These systems require an operator to manually
detach the two modules.

The main contributions of this work can be summarized as follows:

• mathematical modeling of a class of magnetic-adhesion mobile robots that are capable of climbing
walls thanks to a sandwich configuration. Furthermore, this design allows the master robot to
autonomously detach itself from the follower, which is a novel contribution to the state of the art;

• numerical analysis through simulations, taking into account the interaction between the two
carts, and between the robot and the support sheet (planar driving, behavior during detachment,
and driving on a curved sheet);

• experimental validation of the prototype of an upside-down robot, both in the detachment phase
as well as on the curved surface.

Indeed, to the best of the authors’ knowledge, the permanent-magnet sandwich-configuration
robot presented in this paper is the first that is capable to passively climb on nonferromagnetic surfaces,
while at the same time being able to autonomously detach itself from the follower cart when needed.

This paper is an extended version of a preliminary work presented at the Second International
Conference of IFToMM Italy, IFIT 2018 [31]; it is organized as follows: in Section 2, the architecture
of the robot is briefly described, in Section 3 the mathematical model is presented, and in Section 4
numerical implementation is described along with the main simulation results; experiment validation
is presented in Section 5; finally, Section 6 highlights the conclusions and possible future developments
of this work.
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2. Robot Architecture

The system presented in this paper consists of a robot that is able to crawl and drive on
nonmagnetic thin supports, arbitrarily oriented in space. The system, which is illustrated in Figure 1,
is composed of two modules, the master and the slave or follower, which are kept magnetically coupled
through permanent magnets at either side of the support sheet. This architecture allows for a high
degree of mobility through the design of tracks and planes that let the robot climb vertically or even
drive upside down. Furthermore, the robot can autonomously discard the slave cart in special slave
park areas in order to be free to drive along the horizontal plane as a normal mobile robot would.

Figure 1. A conceptual illustration of the “upside-down robot” system in a real-world pick-and-place
industrial application scenario.

Envisioned applications of this type of architecture include highly compact storage environments
such as greenhouses [32] or pharmaceutical warehouses, where complex transfer operations need to be
carried out [33]. In these environments, pick-and-place operations and subsequent transfer to remote
locations in the industrial floor are usually needed. Normally, these tasks would require at least two
manipulators (serial, Delta, or Scara), one at the origin and one at the destination, along with a mobile
system, e.g., a mobile robot or rover. On the other hand, the approach here only presented calls for a
single mobile robot with climbing capabilities, which can possibly translate into a decrease in cost and
complexity of the entire installation.

The proposed system can be described as the interaction between three entities, a robot, a passive
cart, and the environment, in the form of the support sheet. These actors exchange magnetic forces,
contact forces, and friction, and are subject to gravity. We can break down this complex interaction by
analyzing the limited number of possible situations that the robot can encounter:

• upside-down driving phase (A);
• curved-surface driving phase (B);
• slave-decoupling phase (D); and
• slave parking/engaging (E).

Other phases exist that are either a composition or transitions between pairs of the above;
furthermore, Phases C and F are considered trivial once the other phases are verified and, as such,
need not be discussed in detail. In Figure 2, a diagram of the main phases and main constituents of the
system is illustrated.

In the paper, the master robot is generally indicated using the letter “r”, while the slave or follower
is indicated with “f”. The side on which the master drives is called master surface, whereas the opposite
is referred to as slave surface. The model geometry is considered as 2D throughout the article, while the
model itself can be considered 1D, only considering the misalignment between the master and slave.
In order for the system to work correctly, the following conditions have to be satisfied:
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• the master robot always has to be pressed against the master surface;
• the master robot has to be able to drive away from the influence of the magnetic field of the slave

during parking; and
• the slave robot has to always be pressed against the slave surface except when parked.

In the following section, the model is presented, starting from the magnetic model, and continuing
with the pseudostatic model of the robotic system in its main phases, namely, planar and curved-surface
driving, and parking.

Figure 2. System description and illustration of different operation phases.

3. Mathematical Model

In this section we present the mathematical model of the robot. We describe the model of the
magnetic field and of the robot in the case of a planar surface, a cylindrical surface, and during
parking and engaging. Finally, we analyze traction and the contact forces. In this preliminary work,
a quasistatic model of the robotic system was taken into account.

3.1. Magnetic Model

Two magnetic dipole moments, mr and mf, related to the master robot and follower, respectively,
and separated by a vector r, interact by exchanging a magnetic force Fm and torque τm [34], as follows:

Fm = ∇
(

m f · Br

)
τm = m f × Br

, (1)

where magnetic flux density Br of the first dipole moment is defined as follows:

Br =
μ

4π

(
3r (mr · r)

‖r‖5 − mr

‖r‖3

)
, (2)

where μ is magnetic permeability. Let the unit vector of r be r̂ = r/ ‖r‖; using a truncated Taylor series,
a more manageable form for the force was developed by Yung et al. [35]:

Fm = 3μ

4π‖r‖4

(
(r̂ × mr)× m f + r̂ × m f )× mr

−2r̂(mr · m f ) + 5r̂((r̂ × mr) · (r̂ × m f ))
) . (3)
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Despite this formulation being approximate, in that it neglects the higher-order Taylor terms, it is
sufficiently adherent to the magnetic behavior found in the problem at hand. In Figure 3, the interaction
between the two dipoles is shown.

Figure 3. Morphology of Fm field. In the chart, magnetic moments mr and mf are vertically aligned.
Moment mr is placed at coordinates (0, 0). Direction of force acting on the second dipole, shown with
arrow plot; magnitude of vertical component of the same force, shown in color-coded chart. White area,
upward vertical components (i.e., repulsive).

3.2. Planar-Surface Model

In the following, we describe the quasistatic model of the robotic system in the case of planar
surface. The most fundamental geometric configuration is that in which the master and slave surfaces
are straight and parallel to one another (see Phases A and C); for the sake of generality, we model
the surfaces as not necessarily parallel, thus defining the inclination angle γ of the slave surface
with respect to the master plane orientation. This can be seen in Figure 4. Based on the same figure,
we assume the frame of reference as centered in point Qr and integral to the master robot. It is also
assumed that the geometry of the master and slave actors is entirely known, and is defined by the
following parameters: the contact point of the rear wheel Pr,0, of the front one Pr,1, the axis of the rear
wheel Hr, center of mass Gr, and mass mr. It is useful to note that, in principle, the points of contact
for cylindrical wheels depend on the shape of the surface; in case of a planar surface, their coordinates
are trivial to calculate. The geometry and mechanical characteristics of the slave can be defined in the
same way with respect to the slave frame of reference (x′, y′) in Q f by the following variables: P′

f ,0,
P′

f ,1, H′
f , G′

f and m f . The pose of the slave with respect to the master can be defined by four variables:
the two coordinates of point Ξ∗, angle γ, and position s along the slave surface.

We consider, referring to Figure 4, quantities L, hr, t and h f the travel of the robot from the
beginning of the ramp, the height of the magnet of the robot, the thickness of the support sheet before
the ramp, and the height of the magnet of the follower, respectively; from geometrical considerations,

Ξ∗ = Qr +

[
−L
0

]
+

[
0
−hr

]
+

[
0
−t

]
+

[
0

h f
cos γ

]
, (4)

from which follows

Qf = Ξ∗ + s

[
cos γ

sin γ

]
. (5)
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Figure 4. Straight-surface master–slave interaction. (a) Physical implementation of the actors;
(b) geometrical relation between forces and parameter s. Note that friction forces Fμ,0, f and Fμ,1, f are
represented by a single vector Fμ, f for simplicity.

In order to determine the pose of the slave in the master frame of reference (x, y), the following
transformation matrix can be defined:

T =

⎡
⎢⎣ cos (π + γ) − sin (π + γ) Q f ,x

sin (π + γ) cos (π + γ) Q f ,y
0 0 1

⎤
⎥⎦ , (6)

which allows the following:

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

P f ,0 = TP
′
f ,0

P f ,1 = TP
′
f ,1

H f = TH
′
f

G f = TG
′
f .

(7)

At this point, from Equations (1)–(3), we can write Fm, f � f mr, m f , r and, similarly, Fm,r, τm, f and
τm,r. We introduce force of gravity Fg, f = m f g; if we call F⊥,0, f and F⊥,1, f the normal contact forces
between the wheels of the slave and the slave surface, we can express the force equilibrium along
direction ŷ′, and the moment equilibrium, as follows:
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[
1 1

MF⊥0 f MF⊥1 f

]{
F⊥,0, f
F⊥,1, f

}
={

−Fg, f · ŷ
′ − Fm, f · ŷ

′

−øm, f · ẑ − MFg

} , (8)

where, introducing ẑ = x̂ × ŷ, it occurs that MF⊥0 f =
((

P0, f − Q f

)
× ŷ′

)
· ẑ,

MF⊥1 f =
((

P1, f − Q f

)
× ŷ′

)
· ẑ and MFg =

((
P1, f − Q f

)
× Fg, f

)
· ẑ , which are the moments

generated by forces F⊥,0, f , F⊥,1, f , and Fg, f . The solution of the linear system in Equation (7) yields
contact forces F⊥,0, f and F⊥,1, f , which can be used to compute the forces caused by friction, according
to Coulomb’s law, in dynamic conditions:⎧⎨

⎩
Fμ,0, f = μ0, f

∥∥∥F⊥,0, f

∥∥∥
Fμ,1, f = μ1, f

∥∥∥F⊥,1, f

∥∥∥ x̂
′ (9)

where μ0, f and μ1, f are the equivalent dynamic coefficients of friction between the ground and,
respectively, the wheel and the front skid of the follower. Variable s determines the position of the
slave along the slave surface, as shown in Figure 4b, since the follower is not rigidly connected to the
master. In fact, location seq, where the slave is stable, is determined by the equilibrium of the external
forces (magnetic, gravity, and friction) in direction x̂

′
of the support surface, as follows:

Fε f
(
seq

)
= −x̂

′ ·
(

Fm, f + Fg, f + F f ,μ,0 + F f ,μ,1

)
= 0. (10)

It is important to note that, while gravity force Fg, f is constant, magnetic force Fm, f as well
as friction Ff ,μ,0 and Ff ,μ,1 depend on s, which renders Equation (8) implicit. In order to solve it,
thus finding equilibrium point seq, numerical methods have to be used. In Figure 5, the behavior of
Fε(s) is plotted.

Once the location of the slave is known, the Fm,r force vector can be calculated for the master
robot, as well as Fg,r. Hence, the force equilibrium can be stated as ArXr = Br, as follows:

Ar =

⎡
⎢⎢⎢⎣

F̂⊥0r · x̂ F̂⊥1r · x̂ F̂μ1r · x̂ R̂μ0r · x̂

F̂⊥0r · ŷ F̂⊥1r · ŷ F̂μ1r · ŷ R̂μ0r · ŷ

0 μr1 −1 0
MF⊥0r MF⊥1r MFμ1r MRμ0

⎤
⎥⎥⎥⎦ (11)

Br =

⎡
⎢⎢⎢⎣

− (
Fg + Fmr

) · x̂

− (
Fg + Fmr

) · ŷ

0
− (

(Gr − Qr)× Fg
) · ẑ − τmr · ẑ

⎤
⎥⎥⎥⎦ (12)

Xr =

⎡
⎢⎢⎢⎣

F⊥0r
F⊥1r
Fμ1

Rμ0

⎤
⎥⎥⎥⎦ (13)

where MF⊥0r =
(
(P0r − Qr)× F̂⊥0r

) · ẑ, MF⊥1r =
(
(P1r − Qr)× F̂⊥1r

) · ẑ,
MFμ1r =

(
(P1r − Qr)× F̂μ1r

) · ẑ and MRμ0 =
(
(P0r − Qr)× R̂μ0

) · ẑ. One should note that
unit vectors F̂⊥0r, F̂⊥1r, F̂μ1r and R̂μ0 are known based on the geometry of the contact surface.
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Figure 5. Behavior of Fε f in relation to master/slave misalignment distance s.

3.3. Cylindrical Surfaces

Similarly to the case of planar surfaces described in Section 3.2, by referring to Figure 6, we assume
that frame of reference (x, y) is centered on Qr and aligned with the master robot. Contrary to the
planar case, when the support surfaces are cylindrical, determining the position of the contact points
of the wheels is less trivial. However, based on Figure 6, if we consider the front wheel or skid to be
pointlike and described by P1,r, then, through simple geometrical considerations, projection point Ω
can be calculated of the axis of the support surfaces; this allows remaining contact point P0,r to be
located. If the frame of reference is (x′, y′), then the same considerations apply to the slave for points
P′

0, f and P′
1, f , and allow the determination of Ω′.

The pose of the slave with respect to the master frame of reference is given by the geometry of the
surfaces (i.e., thickness t and radius ρ) and by angle α that constitutes the misalignment between the
master and the slave, as shown in Figure 6c. In fact, in this case, variable α determines the position of
the slave along the cylindrical surface in relation to the master. At this point, it is possible to write the
transformation matrix from slave frame of reference (x′, y′) to master (x, y):

T =

⎡
⎢⎣ 1 0 Ωr,x

0 1 Ωr,y

0 0 1

⎤
⎥⎦
⎡
⎢⎣ cos β − sin β 0

sin β cos β 0
0 0 1

⎤
⎥⎦
⎡
⎢⎣ 1 0 −Ω f ,x

0 1 −Ω f ,y
0 0 1

⎤
⎥⎦ , (14)

where β = π + αr − α f . Therefore, using Equation (7), we can determine P f ,0, P f ,1, H f and G f in the
(x, y) frame. In order to determine the equilibrium location of the slave robot, we introduce virtual
force Fε, f , which is applied to point Q f . The slave robot is in equilibrium when Fε, f (αeq) = 0. The
linear system is defined as follows:

A f X f = B f (15)

A f =

⎡
⎢⎢⎢⎢⎢⎢⎣

F̂⊥0 f · ŷ F̂⊥1 f · ŷ F̂μ0 f · ŷ F̂μ1 f · ŷ F̂ε f · ŷ

F̂⊥0 f · x̂ F̂⊥1 f · x̂ F̂μ0 f · x̂ F̂μ1 f · x̂ F̂ε f · x̂

μ0 f 0 −1 0 0
0 μ1 f 0 −1 0

MF⊥0 f MF̂⊥1 f
MF̂μ0 f

MF̂μ1 f
0

⎤
⎥⎥⎥⎥⎥⎥⎦

(16)

Bf =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

−
(

Fm f + Fg

)
· ŷ

−
(

Fm f + Fg

)
· x̂

0
0

−τm f − MFg

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(17)
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X =

⎡
⎢⎢⎢⎢⎢⎣

F⊥0 f
F⊥1 f
Fμ0 f
Fμ1 f
Fε f

⎤
⎥⎥⎥⎥⎥⎦ (18)

where the moments are MF̂⊥0 f
=

((
P f 0 − Q f

)
× F̂⊥0 f

)
· ẑ, MF̂⊥1 f

=
((

P f 1 − Q f

)
× F̂⊥1 f

)
·

ẑ, MF̂μ0 f
=

((
P0 f − Q f

)
× F̂μ0 f

)
· ẑ, MF̂μ1 f

=
((

P f 1 − Q f

)
× F̂μ1 f

)
· ẑ and

MFg =
((

G f − Q f

)
× Fg

)
· ẑ.

Figure 6. Master robot and slave on a cylindrical support sheet. (a) Master with respect to axis Ω;
(b) slave in its local frame of reference; (c) whole system in the frame of reference of the master robot.

Solution X = A−1B of the system, defined in Equation (10), yields information on the forces
acting on the slave robot. The behavior of Fε f (α) can be seen in Figure 7; hence, point αeq, where the
Fε f (α) line intersects with the dashed line, corresponds to equilibrium. The proper solution can be
achieved by numerical methods.

Similarly to the case of planar surface, once the slave robot pose is known, it is possible to
calculate the forces acting on the master, that is, Fm,r. Contact forces can be calculated by balance,
as for the planar case. Referring to Equations (11)–(13) related to the planar-surface case, the system
for cylindrical surfaces is defined as ArXr = Br, with the only difference being the contact and friction
force vectors.
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Figure 7. Behavior of Fε f in relation to master/slave misalignment angle α.

3.4. Slave Parking/Engaging

The last phase that is worth mentioning is the coupling and decoupling of the master from the
slave. Referring to Figure 2, the reader can note that, during this procedure, the slave enters a slot
on the support structure and is prevented to move horizontally. In fact, in Figure 8, a bumper is
highlighted that implements this constraint. In order for the procedure to work, two prerequisites
have to be satisfied:

• Magnetic force Fm,r acting on the master robot should be sufficiently small to allow it to drive
away; indeed, maximum traction force Ftr,0,r = μwheel F⊥,0,r of the master robot should be larger
than Rμ,0,r, i.e., the reaction force produced by the external forces on the wheel contact point;

• magnetic force Fm, f acting on the slave robot should be sufficiently high (before contact with the
bumper) to allow it to both be pulled along by the master robot and remain attached to the ceiling
of the support surface; this is to say, and ∃s :

(
Fε f (s) < 0

)
∨

(
R⊥,0, f (s) > 0

)
∨

(
R⊥,1, f (s) > 0

)
.

The geometry of this case is much the same as that described in Section 3.2. We assume that L = 0
and γ = 0; we can also say that t = tpark. Therefore, we can conclude that, in this case, parameter s
describes the horizontal misalignment between master robot and slave. Furthermore, it happens that
Rhc = Fε f . In Figure 9, a typical behavior of the main values that satisfies the prerequisites is plotted
against coordinate s.

Figure 8. Engaging- or parking-phase configuration.
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Figure 9. Development of forces as a function of s during the parking or coupling phase. Dashed line:
inferior limit for the curves.

3.5. Traction Margin and Contact Forces

As seen in the previous sections, the master robot experiences a set of forces: magnetic,
gravitational, and frictional, and their gross effect determines whether the robot is able to correctly
perform. In fact, for the three general conditions expressed in Section 3 to be satisfied, the contact
forces need to always be positive and, at the same time, the total tangential force on the master robot
should be lower than the traction limit of the wheels. While contact forces R⊥,0,r and R⊥,1,r are already
determined, it can be useful to define an index for the traction limit; we call this the traction margin
and indicate it with Tμ:

Tμ = 1 −
∥∥Rμ,0,r

∥∥
Ft

= 1 −
∥∥Rμ,0,r

∥∥
μ0,r ‖R⊥,0,r‖ , (19)

where
∥∥Rμ,0,r

∥∥ represents the net tangential force acting on the wheel contact interface as a result of
the external forces, and Ft = μ0,rF⊥,0,r is the maximum traction force that can be transmitted through
friction, represented by friction coefficient μ0,r. Index Tμ = 1, when there is no limit to traction,
and Tμ ≤ 0, when traction is completely restrained; in this case, slip happens when the wheel turns.

Therefore, in order for Conditions i–iii, described in Section 3 to be satisfied, the following must
hold for every equilibrium configuration: ⎧⎪⎨

⎪⎩
Tμ > 0

R⊥,0,r > 0
R⊥,1,r > 0

. (20)

4. Numerical Implementation and Discussion

As was stated in Section 3, there are four main phases in the system operation. In order to
show the behavior of the robot and to characterize the bounds of its geometrical design parameters,
the model was implemented and the results are discussed. The fixed parameters are summarized in
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Table 1; geometrical parameters are shown in Figure 10. The main condition for operation is expressed
in Equation (20).

Table 1. Fixed design parameters.

Quantity Symbol Value Unit

Magnetic permeability η 1.257 × 10−6 N/A2

Magnetic moment (master) M(m,r) 0.9950 Am2

Magnetic moment (slave) M(m, f ) 0.9950 Am2

Mass (master) mr 0.200 kg

Mass (slave) m f 0.045 kg

Frict. coeff. of wheel (master) μ(0,r) 0.67 –

Frict. coeff. of skid (master) μ(1, f ) 0.05 –

Rolling resistance coeff. (slave) μ(0,r) 0.01 –

Skid coefficient of friction (slave) μ(1, f ) 0.05 –

Figure 10. Geometry and dimensions of the robots. (a) Master and (b) slave.

The sheet that constitutes the main support surface is characterized mainly by its thickness t,
curvature radius ρ, and the friction coefficient that emerges when coupled with the wheels and the
skid of the master robot and slave. In the following, the results of traction margin Tμ are presented in
different combinations of parameters, namely, t, the mass of the master robot mm, the orientation of
the gravity vector ϑ, and slope angle γ of the parking structure.

The first aspect that needs to be addressed is the one related to the curved portion of the
support sheet. Indeed, as can be seen from Figure 2, the robot travels from an upright to an
upside-down configuration by traveling along a cylindrical polycarbonate sheet. The chart in Figure 11
shows how the traction margin behaves for different sheet thicknesses t along the path around
the cylinder, represented by gravity vector orientation ϑ. For design purposes, the selection of t
can be done by making sure that Equation (20) is satisfied along the entire curved trajectory, i.e.,
when −π/2 ≤ ϑ ≤ π/2; this guarantees that the robot operates correctly on the curved sheet.
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Curvature ρ of the cylindrical surface being the second main parameter, we can see the behavior
of Tμ against it in Figure 12 along with the contact forces. It is clear from the response surface, that the
higher radius ρ is, the more diminished its influence becomes on the traction margin. Assuming that
the robot has a larger footprint compared to that of the follower, the effect is explained by noting that,
as ρ decreases, the distance between the magnets increases; the obvious consequence is a reduction in
magnetic force.

Ceiling operation, i.e., when the robot is overturned, depends on same Conditions (20); however,
in this case, the support surface is planar and horizontal: ϑ = π/2. It is worth noting that the
worst-case scenario is indeed when the surface is horizontal as opposed to otherwise oriented; in
Figure 13, the traction margin is shown along with the contact forces: it can be seen that, for a fixed
mass of mr = 0.200 kg, contact forces are lower than those existing at ϑ = 0 at the same thickness t,
as seen in Figure 11. This observation is made assuming that the influence of curvature is negligible;
in fact, as previously discussed, the curvature has a detrimental effect, which strengthens the thesis.

Figure 11. Traction margin Tμ and contact forces on a curved surface against thickness t and angular
position ϑgravity along the curved path. (a) Traction margin; contact force for (b) the wheels in P0,r and
(c) the skid in P1,r.

Figure 12. Traction margin Tμ and contact forces on a curved surface against curvature radius ρ and
angular position ϑgravity along the curved path; (a) traction margin; contact force for (b) the wheels in
P0,r and (c) the skid in P1,r.
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The last fundamental operating scenario is that of parking (Phases D and E). These phases are
reversible, i.e., the system can transition F −→ E −→ D −→ C (engaging with the follower cart) similarly
to C −→ D −→ E −→ F (parking); note that a certain hysteresis exists that stems from the friction of the
follower cart, although this can safely be neglected. Based on the considerations put forth in Section 3.4,
in order for coupling/decoupling to work correctly, Conditions i–ii in the same section should be
satisfied. As the plot in Figure 14a shows, for small values of sheet thickness t that are otherwise either
welcome or even necessary for the correct operation in a climbing phase or in upside-down situations
(Figures 11 and 13, respectively), traction margin is null or negative past a certain traveling distance
(here shown by misalignment s, which happens because the follower cart is prevented from moving by
the bumper in the park area). The direct consequence would be that wheel slip would occur and the
robot would not be able to drive away. This effect justifies the ramp structure (Phase E); in Figure 14b,
the relation between traction margin, travel length L, and ramp angle γ is shown. It can be seen that
lower angles allow a larger traction margin, as expected. Furthermore, once a good candidate for
tpark has been selected using Figure 14a, a ramp must be designed that reaches said thickness starting
from sheet thickness t; to this intent, the dashed line in Plot b can be used. This provides the travel
L = (tpark − t)/ sin γ required to reach parking thickness, and thus the value up to which the traction
margin should be within limits to guarantee a successful operation.

Figure 13. Traction margin Tμ and contact forces during ceiling operation in upside-down condition
against mass mr of the robot and thickness t of the support sheet. (a) Traction margin; contact force for
(b) wheels in P0,r and (c) the skid in P1,r.

Figure 14. Traction margin during parking; (a) Tμ during proper parking phase (Phase E) against
misalignment s and thickness t; (b) Tμ during ramp overcoming (Phase D) against travel L and ramp
angle γ; dashed line: L = L(tpark = 0.020), i.e., the value that L should have to reach tpark = 0.020 mm.
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5. Prototype and Experiment Validation

In order to provide an early validation on the model, a functional prototype was built based on
the design parameters shown in Table 1. The system is visible in Figure 15. A small 5V DC motor with
a 900:1 reduction gearbox was used to drive the wheels forward at varying speed. A 3000 mAh battery
was used to provide power on board. Given the simple setup, the robot is capable of driving in the
forward direction at speeds between 0 and approximately 0.05 m/s. The maximum torque output of
1.2 Nm (at the wheel) is capable of overcoming friction force Ft even at t = 0, i.e., when magnetic force
is at its highest.

Two experiments were defined to provide a comprehensive validation of the model: Experiment
1 was performed to validate the parking phase (Phase E), and Experiment 2 represents motion on a
curved surface (Phase B). A comparison with numerical data from the numerical model illustrated in
Section 3 is provided. The friction coefficient was lowered artificially from the rubber-PMMA value of
μr,0 ≈ 0.90 to a value of μr,0 = 0.67 with the addition of a thin layer of white adhesive tape, which can
be seen in Figure 15a,b. The rationale for this is to reduce the forces required to induce slip, which has
the added benefit of reducing stick-slip events.

Figure 15. Functional prototype with nonmagnetic transparent support sheet. (a) Top view highlighting
position of the master and its main component; (b) bottom view portraying the slave. The controller
(a switch-potentiometer setup) is off-screen. (c) Experiment 2 setup, with robot located at approximately
ϑ = −π/4.

5.1. Experiment 1

The experiment consists of the measurement of minimum thickness t of the support sheet that
allows the master robot to break free of the slave during the parking phase described in Section 3.4.
Indeed, during this phase, the first prerequisite calls for magnetic force Fm,r to be sufficiently small for
the robot to drive away. This can indeed be seen in Figure 14, and was discussed in Section 4. The same
measurement was repeated for several masses of the robot, namely, 0.2, 0.4, 0.6, and 1.2 kg, by adding
commensurate additional weights to the robot close to its center of mass Gr.
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This type of experiment was selected because the mechanics of the parking phase include the
most important complex phenomena that influence the behavior of the system, which are

• friction of the master with respect to the support sheet and
• magnetic interaction between master and slave.

Being these inherently complex phenomena, described and modeled in detail in Sections 3.1,
3.2, and 3.4, the experimental validation of the parking phase was deemed the most adequate to
provide insight on the adherence to reality of the model as a whole.

The results of the comparison between the numerical implementation of the model described in
Section 3 and the experiment results are shown in Figure 16. It should be noted that a normalized
thickness index is used in place of simple thickness value t of the support sheet; normalization allows,
in principle, to compare systems with different friction coefficients, although in the present case,
normalization is a simple scaling by value 1/μ0,r.

Figure 16. Comparison between numerical and experiment results (Experiment 1). Top plot: data
points for different robot masses mr; below plot: relative error.

It is apparent from the error plot shown on the bottom of the same figure that the error is
comparatively small (from 0.5% to 3%) for large thicknesses and low masses of the master, while it
becomes larger (approximately 14%) when thickness grows smaller following larger traction Rμ,0,r
associated with larger masses mr. This is likely due to both the approximate model of the magnetic field
that is described in Section 3.1 and the rigid-body approach used for the robot. In fact, large magnetic
forces Fm arising from small thicknesses t tend to deform the rubber of the wheel, which decreases the
distance of the master frame to the support sheet. The direct consequence of this is that the magnetic
interaction deviates from its expected behavior. An additional possible source of error can be the model
used for the friction; it assumes a linear relationship between force and frictional force. However,
during deformation of the rubber due to increased mass mr and magnetic force Fm, the footprint of the
wheel increases in its area, which can have an unexpected influence on traction Rμ,0,r and on traction
margin Tμ.

5.2. Experiment 2

Phase B was experimentally investigated by measuring the maximum travel of the robot from the
bottom across the curved portion of the surface, before the wheels lose traction. The angle at which
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slip occurs, ϑslip, is measured from the horizontal, coherently with the model presented in Section 3:
the robot starts at ϑ = −π/2 and travels towards the top of the surface, which is located at ϑ = +π/2.
Radius ρ of the curved sheet is 0.3 m. The test was performed for a set of four different masses mr of the
robot and for a set of four different support-sheet thicknesses t. In particular, mr = [0.2, 0.3, 0.4, 0.5] kg,
while t = [0.002, 0.003, 0.004, 0.005] m. This provides a total of 16 data points. The raw experimental
measurements of ϑslip, which were taken for each data point, varied from 3 to 5.

Results shown in Figure 17 show a close similarity in the topology of the surface determined by
the variation of parameters mr and t. Results show that the larger the mass, the smaller the angle ϑslip
of slip becomes. This means that the robot slips early in its travel along the curved surface. Similarly,
the larger thickness t is, the smaller angle ϑslip is. This is expected, because thicker sheets increase the
distance of the magnets, which then provide less adhesion force, which clearly translates in less of
a traction margin. In order to better measure the error between numerical and experimental results,
we define the following:

εϑ,slip =
(ϑslip,num − ϑslip,exp)

π/2
. (21)

This formulation measures the absolute error and is normalized against π/2, which is the travel
from the horizontal to the vertical orientation of the robot. The comparison between numerical and
experimental data, which is visible in both plots in Figure 17, shows that a comparatively small error is
present in the measurements, with an average value of εϑ,slip = 5%.

It is worth noting that the system appears nonfunctional in this configuration, although this is
caused by the tape on the wheels, which considerably reduces traction. According to the now-validated
model and to experimentation, the system is functional without the tape.

Figure 17. Comparison between numerical results of the model and results from Experiment 2.
Left plot: data points for different robot masses mr and for different thicknesses t for both the numerical
and experimental campaigns; note that the z-axis is flipped. Right plot: relative error between
numerical and experimental values, normalized with respect to π/2.

6. Conclusions

This paper discussed a type of climbing robot that takes advantage of a master–slave configuration
that is connected through a magnetic interface. The master robot provides motion, while the slave
component provides adhesion capabilities to the system even when the support sheet is nonmagnetic.
Thanks to its design, once decoupled from the slave, the master robot is able to drive freely on
horizontal ground.
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In order to present a coherent framework, three conditions are defined that prove the feasibility
of the specific design. The work envelope of the system is split in a set of phases, namely, driving on
straight floor, vertical floor, curved surface, ceiling, and coupling and decoupling phases; each is
characterized by its own challenges.

A Taylor expansion model was implemented to model the magnetic-field morphology, and a
pseudostatic approach was used to model the master–slave robotic system to account for the inherently
nontrivial interaction between the actors.

Comprehensive analysis was performed on the main variables of the master–slave system through
numerical computation of the model in the operational envelope. Furthermore, experimental validation
was performed both in the case of the parking phase, which is the most complex to model, and in
the case of driving along a curved sheet. Both experiments showed that the numerical model
had good adherence with reality, with errors around 3%–14% for the parking phase, and 5% for
curved-surface driving.

Results clearly show the feasibility of the approach and provide some qualitative and quantitative
insight. The experimental validation shows good accuracy of the model compared to reality. The design
process of a working prototype can thus be successfully guided via the tools that are provided in the
model and its analysis.
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Abstract: This paper presents experimental results developed within the WIRES experiment, whose
main objective is the robotized cabling of switchgears. This task is currently executed by human
operators; the WIRES Project tackles the development of a suitably designed sensorized end effector
for the wire precise manipulation. In particular, the developed gripper with tactile sensors are
shown and a procedure for the implementation of the insertion task is presented and discussed.
Experimental results are reported both for quality of wire shape reconstruction and success rate of
insertion task implementation.

Keywords: tactile sensors; manipulation task; assembly robot

1. Introduction

Robotic manipulation is a complex task especially when deformable and fragile objects have to
be grasped. In these cases, the knowledge of geometrical and physical characteristics of the object to
manipulate are fundamental for the successful implementation of the task. To this aim, specific sensing
systems are developed to be integrated into robotic systems. This paper presents results of activities
developed within the WIRES experiment (http://www-lar.deis.unibo.it/people/gpalli/WIRES/),
where the main objective is the robotized cabling of switchgears. Switchgears are basic components
in a wide range of applications. Currently, the switchgear wiring is executed by human operators
due to the complex manipulation tasks. The WIRES Project tackles the development of a suitably
designed end effector equipped with a vision system and a tactile sensor for wire-precise manipulation.
Preliminary results have been presented in [1–3].

Standard approaches to this kind of problem use vision and/or tactile data. Often vision is used
alone due to its efficiency in data collection ([4]). However, this solution may fail in the presence of
varying lighting conditions and occlusions. The use of tactile sensors helps to improve the success rate
by overcoming some environment limitations. As a consequence, there have been many papers where
vision and tactile data are integrated in a single approach ([5–9]. The objective of these approaches
is the estimation of object characteristics, such as pose, shape, surface features and so on. Among
these, some researchers propose interesting algorithms for edge detection [10] that could be considered
in future as alternative approaches with respect to the one proposed here in order to improve the
estimation quality. At the moment, the estimation quality reached with the approach proposed here is
sufficiently high for the task implementation, with a very simple formalization. Some researchers in
recent papers [11] use vision systems directly integrated into fingers to evaluate both tactile and image
data at the same time and with the same sensing system. Also, this approach demonstrates how the
fusion among tactile and vision data can be a good approaches for manipulation tasks. However, none
of these past papers tackle the estimation problem of shape and pose of flexible objects like wires.
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In previous papers [2,12], the authors presented details of the tactile sensor design and a possible
use of tactile data for the reconstruction of the grasped wire shape and the use of the estimated
shape for the implementation of an insertion task. In those papers, the model used for the wire was
constituted by a quadratic function for the grasped area and a straight line for the part outside the
tactile sensor pad. The sensor was mounted on a commercial gripper and preliminary insertion tests
have been carried out on a single hole of an electric component fixed on the workbench, with the same
wire grasped from a single position.

This paper presents improvements with respect to the previous system in terms of mechatronic
solutions that are integrated and tested in a new scenario much closer to real cases. In particular,
for this paper, the tactile sensor has been integrated into the final end-effector designed for the WIRES
Project, presented and equipped with an electric screwdriver used to automatically complete the
connection task. A simplified solution for the wire shape estimation is considered in order to allow its
integration directly into the on-board microcontroller. This solution is a subset of that proposed in [12],
but is explicitly formalized to be used with the final end-effector in the current study. The quality of the
reconstruction has been re-evaluated with the new model, by redefining the quality metric according
to the different model, in order to check if the considered simplification does not strongly affect the
expected results. Finally, unlike previous papers, the whole system has been tested in a more complex
scenario, by grasping, inserting and connecting a sequence of wires in a testing switchgear as shown
in the video as supplementary.

2. The Tactile Sensor and the Gripper

The tactile sensor working principle and its design is detailed in [12]. Here, a brief recalling is
reported (related to the integration in the gripper). Figure 1 reports some pictures of the developed
sensor where the main components are highlighted. The 16 taxels constituted by the optoelectronic
components with the deformable layer bonded above represents the transduction part for the sensor.
The optical signals are converted in electric signals by using simple resistors and the obtained voltage
signals are acquired with a standard Analogue-to-Digital converter. All details about the components
integrated in the PCB are reported in [12]. For the integration into the gripper finger, a second PCB
with a microcontroller has been developed and connected to the first one. The second PCB is completed
by a voltage regulator and a standard connector, which allows to interface the tactile sensor with a
standard USB-TTL serial cable. A suitably designed finger case has been realized in aluminum via a
3D printing technique and the extended PCB has been integrated inside this case. The thickness of
the designed case is the smallest in order to allow the insertion of the finger among the switchgear
components and wires already connected. The case allows a mechanical connection to the gripper by
using two screw.

The end effector developed in the WIRES experiment for the implementation of the whole cabling
process can be seen in Figure 2. The end effector integrates a 2D camera providing top view of
the scene, an computer-controlled screwdriver (to tight the terminal screws) and a 4-DOFs gripper
equipped with the tactile sensor. The end effector is also equipped with an integrated torque/controlled
screwdriver with remote PLC control and process data recording capabilities (Kolver PLUTO3CA
electric screwdriver + EDU2AE/TOP/E control unit). In the final process implementation, the robot
arm is used to position the screwdriver tip on the terminal screw, and the FT sensor will be used to
control the contact with the screw during the tightening. Therefore, the end effector will be held in an
almost fixed position, just the screw motion during the tightening will be compensated. Consequently,
the wire insertion will be performed by using the gripper DOFs only. It results that the FT sensor can be
used to estimate the interaction between the screwdriver and the terminal screw, but it cannot be used
during the insertion and for the wire tightening check, because the magnitude of the force generated
by the wire contact is much lower than the one generated by the contact between the screwdriver and
the screw, making the former indistinguishable. For this reason, the use of the tactile sensor installed
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into the gripper fingertips is fundamental also during the insertion and for the wire tightening check,
in order to reach a suitable success rate.

Assembled pad bonded to the PCB

Resistors A/D converter

(a)

Microcontroller

Connector

Voltage regulator

(b)

(c)

Figure 1. Some pictures of assembled tactile sensor: (a,b) report a front view and a rear view of the
PCB components, respectively, while (c) reports the PCB integration into the gripper finger.

Figure 2. The end effector developed for the WIRES experiment. It is equipped with computer-
controlled screwdriver, tactile sensor, 2D camera, Hydra servo controller boards, and a 4-DOF gripper.

Stepper motors with integrated encoder and lead screws have been adopted for the actuation of the
end effector. This solution significantly simplifies the control and reduces the weight, the mechanical
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complexity and the cost of the end effector. Limit switches have been used for absolute position
detection on both sides of all the end-effector movement axes. Each motor is driven by a Hydra servo
drive control board, used as HW low-level motor controllers. These control boards are arranged on the
end effector itself. The communication between the motor control boards and the high level WIRES
controller is implemented through CAN bus. A ROS node has been developed to allow the control of
the end effector and to ease the integration with other components of the WIRES system. At low level,
the motors are controlled by means of the PLCOpen standard, allowing an easy implementation of the
end effector controller. The tactile sensor has been integrated into the jaw tips (fingertips). Several
versions of 3D printed fingers have been produced in order to evaluated different configurations
during experiments.

3. Wire Shape Estimation

A specific sensor reference frame, Σs(Os, xs, ys), is defined at the center of the tactile sensor pad
(see Figure 3) and the wire shape estimation problem is tackled with respect to this frame. The 16 taxels
are organized as a matrix, where each cell can be identified by its row and column indices. Hence,
for each cij cell it is possible to associate a couple of coordinates (xi, yj), corresponding to the physical
distances of the cell mechanical center from the sensor frame origin. In particular, the x-coordinates of
the columns are −4.5 mm, −1.5 mm, 1.5 mm and 4.5 mm, from left to right, while the y-coordinates of
the rows, are 4.5 mm, 1.5 mm, −1.5 mm and −4.5 mm, from top to bottom. The measured voltage
variation corresponding to the cij cell is indicated as Δvij.

xs

ys

Os

v11 v12 v13 v14

v21 v22 v23 v24

v32 v33 v34

v41 v42 v43 v44

wire 
edges

wire longitudinal axis
v31

Figure 3. Scheme of the grasped wire with respect to the sensor frame Σs and taxels.

In this paper, in order to estimate the shape of the grasped wire, this is locally approximated as a
straight line, coincident with the longitudinal axis of the wire (see Figure 3), modelled in the Σs frame
as the line with equation

ys = mxs + n, (1)

where m and n are the two parameters to be identified by using the tactile data. Since the section of
the grasped wire is considered a priori known, estimating the grasped wire shape means to estimate
the m and n parameters characterizing longitudinal axis of the wire. The initial position of the wire
implies that the grasped wire has the main direction always mainly aligned with the xs-axis (horizontal
direction). In this hypothesis, the procedure for the wire shape estimation is constituted by a first
step, where the centroid coordinates for each column are computed, and a second step, where the
computation of the model parameters in (1) is implemented via a least squares method applied to the
data set constituted by the coordinates of the column centroids. In detail,
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step 1:

the y coordinates yc
j of the column centroids are computed from tactile data as

yc
j =

∑4
i=1 yiΔvij

∑4
i=1 Δvij

j = 1, . . . , 4, (2)

where yi is the mechanical y coordinate of the i-th row. Hence, the data set D̄ is constituted by
the coordinates (xj, yc

j ) of the 4 column centroids (where xj is the mechanical x coordinate of the
j-th column).

step 2:

the model (1) parameters, m, n, are estimated by using a least squares method applied to the data
set D̄ resulting from step 1.

The presented procedure has been experimentally applied by grasping a wire in different
configurations. Figure 4 reports a generic grasp: the tactile map shows how the cells on the second
and the third rows present higher Δvij values. The column centroids (green stars) have been computed
by using Equation (2) and than the wire shape has been computed via least squares method (straight
line). To assess the accuracy of the algorithm, a comparison among the estimated shapes and the actual
ones has been carried out, superimposing a picture of the corresponding grasp to the measured data
and estimated shapes. Figure 5 shows the good matching between the estimated and the actual wire
shapes. The quality of the shape reconstruction is fundamental to successfully complete the insertion
task, as detailed below.
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Figure 4. Tactile map and estimated shape for a grasped wire.
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Figure 5. Comparison among estimated and actual wire shape for a grasped wire.
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4. The Insertion Task

As discussed in Section 1, the main objective of the WIRES project is the robotic assembly of
electric switchgears. To this aim, a fundamental subtask is represented by the insertion of the wire into
the holes corresponding to the pins of the electrical components. The successful execution of the task
allows the mechanical connection of the wire. The tactile sensor has been integrated into the gripper,
suitably designed for the WIRES project in order to experimentally test its funcionalities during the
insertion task. The proposed solution for the insertion task described in the following is based on the
assumptions that the relative position between the robot system and the switchgear is known and,
additionally, the length of the protruding part of the grasped wire is also known. Note that in real
applications, a standard calibration procedure for the robot system allows us to obtain a precision that
satisfies the first assumption. For the second assumption, the length of the protruding part of the wire
can be estimated by using the camera integrated into the gripper as described in Section 2.

A human operator prepares the wire by placing it in a delimited area (based on the gripper stroke),
with a random pose. The robotic system is used to grasp the wire and as a consequence, after grasping,
the pose of the wire with respect to the tactile sensor is unknown. Then, the grasped wire shape is
estimated by computing the model parameters m, n and applying the wire shape estimation algorithm.
Figure 6a reports a sketch of a generic grasped wire, with the estimated shape. Let Σh(Oh, xh, yh) be
the hole frame, with the origin in the center of the hole and the xh-axis aligned with the hole axis; let
Σw(Ow, xw, yw) be the wire end frame, with the origin in the end point of the wire actual axis and the
xw-axis aligned with the wire actual axis; let the frame Σ̂w(Ôw, x̂w, ŷw), with the origin in the end point
of the estimated wire axis and the x̂w-axis aligned with the estimated wire axis. On the basis of the
assumption described above, the poses of Σs and Σh are perfectly known, while the pose of Σ̂w can be
computed from the estimated shape parameters m, n and the protruding part L value of the grasped
wire. To this aim, the homogenous transformation matrix Ts

ŵ can be computed from Figure 6a with
simple geometrical considerations

Ts
ŵ =

⎡
⎢⎢⎢⎣

cos γ − sin γ 0 l cos γ

sin γ cos γ 0 l sin γ + n
0 0 1 0
0 0 0 1

⎤
⎥⎥⎥⎦ , (3)

where γ = arctan(m) and l = L + a/ cos γ (a is the half side length of the sensor pad). After the
computation of Σ̂w, a standard technique can be used to program the robotic system in order to align
Σ̂w with Σh. After that, the resulting configuration is sketched in Figure 6b, with Σ̂w ≡Σh. From this
point the insertion task can be easily completed with a linear movement along the xh-axis. In real
working conditions the hole diameter D is typically two times larger than the wire diameter d. Note
that in this paper, the insertion has been tackled by considering the task a 2D problem; the z-axes are
considered all aligned.

Os
xs

ys

tactile sensor pad estimated wire axis

actual wire

actual wire axis

y=mx+n

Ow1 xw1

yw1

Oh xh

yh

D

xw
yw

Ow
a de

hole axis

(a)

Figure 6. Cont.
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xs
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Sw1=Sh

dt

db

dL

(b)

Figure 6. Sketch of the grasped wire with respect to the electric component before (a) and after (b) the
alignment with the hole axis.

5. Assessment of Wire Shape Estimation and Expected Success Rate

In ideal conditions, when the estimation error of the wire shape is zero (i.e., Σ̂w ≡Σw), under the
described assumptions, the proposed procedure allows us to align the wire axis and the hole axis,
by maintaining the distances between wire and hole edges (both above δa and below δb) equal to the
maximum possible value δ̄ = (D − d)/2. Obviously, in this case, the execution of the insertion task is
guaranteed with a Success Rate SR = 100%. In real working conditions, the estimation error of the
wire shape implies Σ̂w �= Σw, and since the alignment can be made only between Σ̂w and Σh, when the
estimation error increases the insertion task may fail. As a consequence, in real conditions the success
rate of the insertion task is SR < 100%.

The quality of the estimated grasped wire shape and the maximum SR reachable can be evaluated
taking into account both the estimation error and the actual diameters of the hole and the wire.
In particular, the estimation error can be quantified by considering the relative poses of Σw and Σ̂w.
The relative pose of these two frames can be represented by the following homogeneous transformation

Tŵ
w =

⎡
⎢⎢⎢⎣

cos α − sin α 0 −Δ sin α

sin α cos α 0 Δ cos α

0 0 1 0
0 0 0 1

⎤
⎥⎥⎥⎦ , (4)

where α is the angle between the estimated wire axis and the actual one, while Δ is the distance
between the origins of Σw and Σ̂w. In the ideal case, with a perfect shape estimation it is α = Δ = 0
and Tŵ

w = I. In real working conditions (α �= 0, Δ �= 0), after the alignment Σ̂w ≡Σh (see Figure 6b),
the distances between wire and hole edges depends on Δ and α. In particular, the estimation error
implies that the actual position of the wire presents an offset along yh-axis, which is responsible for
any failure in the execution of the insertion task. This offset, computed from Tŵ

w, is equal to Δ cos α

and it reduces the space between wire and hole edges. The maximum limit for this offset, in order
to avoid the unsuccessful execution of the task, is represented by the value δ̄. As a consequence,
the following metric

δ = δ̄ − Δ cos α (5)

can be computed to evaluate both the quality of the grasping and the expected result (success or not)
of the insertion task execution. In conclusion, if 0 ≤ δ ≤ δ̄ the insertion can be successfully completed,
while if δ < 0 the insertion task cannot be correctly completed. Moreover, the more δ is close to δ̄,
i.e., Δ cos α → 0, the better is the quality of the estimated wire shape.
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6. Experiments

A number of experiments have been carried out to evaluate the proposed approach. For each
experiment, the wire shape has been computed according to the procedure detailed in Section 3.
Tens of static experiments, with the sensor fixed on the workbench, have been used to evaluate the
shape estimation quality and expected success rate. Additional experiments have been carried out to
evaluate the actual success rate of the insertion task in real working conditions, by using the sensorized
gripper with standard wires and electrical component.

 

 
Estimated shape
Column Centroids

0.78mm

2mm

(a)
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(b)

Figure 7. Some pictures of grasped wires with the estimated shapes and the offset errors Δ cos α:
(a) reports a standard case, while (b) reports a borderline case.

6.1. Estimation Quality and Expected SR

For the first set of experiments, a standard wire with d = 3 mm has been grasped between
the tactile sensor, fixed on the workbench, and a transparent methacrylate plate, in different poses.
By considering the diameter of the hole of the electric component D = 2d, it is δ̄ = 1.5 mm. A calibrated
optical microscope has been used to take pictures from the transparent plate side. Hence, the offset
errors Δ cos α between the estimated and the actual wire end points can be directly measured from
the pictures. Figure 7 reports two sample cases, where the estimated wire shapes are compared to the
actual ones. For each considered case the value of the offset error is reported. By using Equation (5)
the metric can be computed, obtaining for the cases in Figure 7 the following values: δ = 0.72 mm for
case (a) and δ = −0.02 mm for case (b). From these values it is evident that case (a) allows the correct
execution of the insertion task, while case (b) does not guarantee a correct insertion phase (δ < 0).
Note that case (b) corresponds to a grasp configuration close to the diagonal of the sensor pad (that
is quite unlikely). The same procedure has been applied to 20 considered experiments. Finally, all
grasping cases have been divided into two sets: the first set corresponding to cases with a computed
metric δ > 0 (17 experiments) and a second set with δ < 0 (3 experiments). The expected success rate
for the insertion task has been computed, by relating the number of experiments within the first set
with respect to the total number of experiments, by obtaining a SR = 85%.

6.2. The Insertion Task Implementation

For the implementation of the insertion task, the sensorized gripper has been used. All measurements
are reported with respect to the world reference frame Σ(O, x, y), placed at the robot base. Position
and orientation of Σs with respect to Σ is known in each time instant, by using the robot system
kinematics. The pose of the electric component hole is defined by Σh, assumed known from the
switchgear CAD. Figure 8 reports experimental results for the s pose during an insertion task. After the
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wire grasping, the xs-axis is aligned to the xh-axis during an approaching phase (see Figure 8a),
leaving a distance between Os and Oh equal to 22 mm in this specific case (it is the estimated length
L plus the half side length a of the sensor pad). The reached configuration (at t = 10 s) is reported
in Figure 9a, where the estimated wire shape and the frame poses (Σs, Σ̂w, Σh) are reported with
respect to Σ, together with the tactile sensor pad and the component hole. It is evident that without
a correction the insertion cannot be completed correctly. The wire shape has been estimated by
applying the wire shape estimation algorithm, and the parameters m and n have been used to compute
the homogeneous transformation (3). For the experiment reported in the figures m = −0.0694 and
n = −3.4866. By using the computed homogeneous transformation, Σ̂w has been aligned with Σh
during the correction phase. Figure 8b shows a zoom of the rotation and the translation applied during
the correction. After this phase, the estimated wire axis is aligned with the component hole axis.
The reached configuration (at t = 22 s) is reported in Figure 9b, where it is evident that the insertion
can now be correctly completed with a simple translation along the x-axis. Figure 8a shows also the
final insertion phase. Figure 10 reports the flowchart, where the connections among all subtasks
of the whole insertion sequence are reported. Several checks are implemented by using the tactile
sensor data during the insertion execution, in order to evaluate if the task is correctly completed or not.
During experiments, the wire shape estimation error will affect the final success of the insertion phase.
As discussed in Section 5, the actual wire end point is related to the Σw frame, while the estimated
wire end point is identified by the Σ̂w frame. To test how this estimation error affects the insertion
phase during experiments in real working conditions, the insertion task has been repeated 40 times
starting from different initial grasping conditions for the wire. The same experiment described above
has been executed and, for each case, the final correct insertion has been evaluated. The number of
successfully completed tasks was 33 with a success rate SR = 82.5%. The obtained SR is slightly below
the expected SR computed in static conditions (see Section 5), as was foreseeable, since during the
experiments, additional errors (e.g., robotic system calibration, electric component position) appears
together with the wire shape estimation error. Figure 11 reports a sequence of frames extracted from
the video (https://youtu.be/oPxkeeQLKi8) related to the paper in order to show how the designed
gripper with the proposed approach allow to correctly complete an insertion sequence. Each frame
has been marked with the corresponding procedure subtask. The video shows the effectiveness of the
proposed approach during a demo. In the video, the robot is used to fix the screwdriver position for
the connection, while the insertion is completely implemented by the designed gripper.
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Figure 8. Experimental results: (a) Σs pose during the whole insertion subtask and (b) zoom of the
correction and insertion phases.
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Figure 9. Positions of defined frames in the cartesian space for the experimental case (a) before (t = 10 s)
and (b) after (t = 22 s) the correction phase.
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Start

Move robot to home position and open gripper

Move robot to initial position for the next wire

Close gripper to grasp the wire

Check the grasping by

using tactile data

Move robot and gripper to the nominal pre-insertion position

Move robot to place the screwdriver on the screw

Correction: compute the wire model parameters and 

move gripper to the corrected pre-insertion position

Insertion: move forward the gripper of a fixed displacement

Screwing: activate the screwdriver and move 

the robot to complete the screwing

OK

OK

OK

NOT OK

NOT OK

NOT OK

Mark the wire as correctly connected

Mark the wire as 

not connected

Check the insertion 

by using tactile data

Check the screwing 

by using tactile data

Move backward the gripper of a fixed diplacement

Figure 10. Flowchart of the whole insertion sequence.
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Approach to nominal 
pre-insertion position

Positioning of the 
screwdriver on the screw

Computation of 
model parameters

Correction of the 
pre-insertion position

Insertion Screwing

Move backward the gripper Screwing check Move to next wire

Figure 11. Sequence of frames during some detailed phases of an insertion task.

7. Conclusions

This paper presented a sensorized gripper for wire manipulation, and in particular, for their
insertion into the electric components of a switchgear. The designed gripper integrates tactile sensors
suitably optimized for this task. A specific procedure for the insertion task execution has been proposed
and evaluated in terms of expected success rate. Experimental results have been reported to show the
effectiveness of the proposed strategy. Future work will pprobably be devoted to using the sensor to
estimate contact forces between the gripper and the manipulated wire during the whole assembly
process of the switchgear.
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Abstract: The cooperation between humans and robots is becoming increasingly important in our
society. Consequently, there is a growing interest in the development of models that can enhance and
enrich the interaction between humans and robots. A key challenge in the Human-Robot Interaction
(HRI) field is to provide robots with cognitive and affective capabilities, by developing architectures
that let them establish empathetic relationships with users. Over the last several years, multiple
models were proposed to face this open-challenge. This work provides a survey of the most relevant
attempts/works. In details, it offers an overview of the architectures present in literature focusing on
three specific aspects of HRI: the development of adaptive behavioral models, the design of cognitive
architectures, and the ability to establish empathy with the user. The research was conducted within
two databases: Scopus and Web of Science. Accurate exclusion criteria were applied to screen the
4916 articles found. At the end, 56 articles were selected. For each work, an evaluation of the model
is made. Pros and cons of each work are detailed by analyzing the aspects that can be improved to
establish an enjoyable interaction between robots and users.

Keywords: social robots; behavioral models; assistive robotics; cognitive architectures; empathy;
human-robot interaction

1. Introduction

Social Robotics is commonly defined as the research field dedicated to the socially skillful robots [1].
The main ability of social robots is to establish a natural interaction with humans. The Human-Robot
Interaction (HRI) field of study tries to shape the interactions between one or more humans and
one or more robots. Over the latest several years, there is an increasing interest in HRI due to the
increasing usage of robots not only in industrial fields, but also in other areas as schools [2], homes [3],
hospitals [4], and rehabilitation centers [5].

Consequently, in the near future, robots will concretely share environments with human beings
to actively collaborate with them in specific daily tasks. The presence of a robot, in fact, could be
a useful support during the management of daily activities [6,7], the promotion of social inclusion [8,9],
and the suggestion of healthy activities [10,11]. Particularly, recent literature findings underline that
robots could help users in their daily life by bringing them objects that they need ( i.e., a bottle of water,
a specific drug ) [12], which helps them in dressing tasks [13,14] or in getting in contact with their
families or authorities in dangerous situations [9]. An easy and continuous connection with other
people (i.e., relatives, friends, or doctors), could promote social inclusion of people with disabilities or
elderly people and increase the quality of their life [15]. Therefore, in this context, there is a growing
necessity for developing behavioral models for social robots to have a high quality interaction and
level of acceptability in providing useful and efficient services [16,17]. Remarkably, how people accept,
perceive, interact, and cooperate with this intelligent machine in their life is still somewhat unknown.
However, researchers with different backgrounds are trying to meet this challenge [18].
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First, to achieve fluent and effective human-like communication, robots must seamlessly integrate
the necessary social behaviors for a given situation using a large number of patterned behaviors that
people employ to achieve particular communicative goals. Furthermore, robots should be endowed
with the capability to understand feelings, intentions, and beliefs of the user, which are not only directly
expressed by the user, but that are also shaped by bodily cues (i.e., gaze, posture, facial expressions)
and vocal cues (i.e., vocal tones and expressions) [19]. The non-verbal immediacy, which characterizes
communications between humans, should be conveyed in Human-Robot Interaction (HRI). Moreover,
the ability to replicate human non-verbal immediacy in artificial agents is twofold. On one side,
it allows the detection of emotional and cognitive state of the user, which is useful to develop proactive
robots. On the other side, it allows us to shape the behavior of the robot in order to encode behavior
capabilities in the interaction as those of humans. The latter case leads to the possibility to automatically
generate new robotic behaviors that the robot learns directly from the user.

The first attempts to solve this challenge have been performed by developing intelligent systems
able to detect user’s emotions [20] and by identifying the key factors that should be adjusted to
make the interaction smoother (i.e., interpersonal distance, mental state, user’s feedback, and user’s
profile) [21]. More advanced steps should be performed so that robots are endowed with cognitive
and affective capabilities that could provide them with tools to establish empathetic relationships with
users and to gain social cognitive mechanisms that are necessary to be perceived as a teammate [22,23].

Second, it is important to remark that the robot’s ability to establish empathic relationships has
a key role in HRI since it indicates the degree of perceived bodily and psychological closeness between
people. Over the last several years, researchers put a lot of effort in understanding how psychology
and cognitive neuroscience could be integrated in the design process of artificial cognitive architectures
to achieve this target. The field of brain-inspired technologies has become a hot topic in the last
several years.

In this context, this paper aims to analyze the current state of the art of behavioral models to find
barriers and limitations to provide guidelines for future research studies in this area. Particularly,
two databases (namely Scopus and Web of Science) were analyzed to retrieve papers linked with
cognitive robotics architecture and model robot empathy, affordance, facial expression, cultural
adaptation, and the social robot. In effect, this survey expresses this growing interest and the need to
support the research studies in this field and to organize the large amount of work, which is loosely
related to the topic underling the scientific challenges. The main issues of this area is related to the fact
that several models are too often described from a theoretical point of view without being tested on
a real robot and the ones that are tested on a real robot are often tried in a single environment with
people belonging to a specific culture [24]. Specifically, researchers are working on the development
of cognitive architectures approaching a fully cognitive state, embedding mechanisms of perception,
adaptation, and motivation [25]. Particularly, from the analysis of the state of the art, the papers of
this survey are grouped according to three main application areas: cognitive architectures, behavioral
adaptation, and empathy.

• Cognitive architectures—This term refers to research works where both abstract models of
cognition and software instantiations of such models, employed in the field of artificial intelligence,
are described [26]. Cognitive architectures have the fundamental role to enable artificial intelligence
in robotic agents, in order to exhibit intelligent behaviors.

• Behavioral adaptation—Behavioral adaptation is defined as “learning new tasks and to adapt
to changes in environmental conditions, or to failures in sensors and/or actuators” [27]. Thus,
the papers included in this group describe robot’s social abilities enhanced by the robot’s capability
of adapting its behavior to the user’s need and habits [28].

• Empathy—Empathy is defined as “The act of perceiving, understanding, experiencing,
and responding to the emotional state and ideas of another person” [29]. In human-human
relationships, this term explains the capacity to take the role of the other to adopt alternative
perspectives [28]. Works clustered in this category present a particular emphasis on the attempts
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to reproduce this ability in robotic agents to establish an empathetic connection with the user,
which improves Human-Robot Interaction (HRI). Empathy is a sub-category of the behavioral
adaptation. However, we decide to make separate categories to be aligned with some recent
papers [17,30,31].

In this review, several models and architectures used in social robots are presented to evaluate
how these attempts fare in achieving an efficient robot-human interaction. A comparison with works
presenting experimentation to demonstrate the persuasiveness of robots is also provided to highlight
limitations and future trends. In details, the paper is organized as follows: in Section 2, the research
methodology for the review is explained. In Sections 3 and 4, the results and the discussions regarding
the papers are shown. In Section 5, a summary of the review and its conclusions are presented.

2. Materials and Methods

This section presents the methodology used in the paper to select the most appropriate recent
developments as published in the literature, covering the topics of behavioral models for robots.

Study Selection Procedures

This paper reviews empirical studies published between 2010 and 2018 since most of the advances
in this area have occurred within that timeframe. A bibliography was developed upon research in
Scopus and Web of Science electronic databases. Reference lists of included articles and significant
review papers were examined to include other relevant studies. The search queries contained the
following terms and were summarized in Table 1.

Table 1. List of keywords used in this review work.

Research Keywords

(cult*) AND (adapt*) AND (behavio*) AND (model* OR system*) AND (robot*)

(cult*) AND (adapt*) AND (cognitive) AND (model* OR architecture*) AND (robot*)

affordance* AND (behavio*) AND (adapt*) AND (robot*)

affordance* AND (cognitive) AND (model* OR architecture*) AND (robot*)

fac* AND expression AND cognitive AND (model* OR architecture*) AND (robot* )

fac* AND expression AND (behavio*) AND (model* OR system*) AND (robot*)

cognitive AND robot* AND architecture*

learning AND assistive AND robot*

affective AND robot* AND behavio*

empathy AND social AND robot*

Application of these search keys provided a total of 4916 hits with 1520 hits in Web of Science in
the field “Topic” and 3396 hits in Scopus in “Article title, abstract, keywords” fields.

After deletion of duplicates, the titles and abstracts retrieved by the electronic search were read
first, to identify articles deserving a full review. Papers about users’ emotion recognition and about
emotions as unique input for HRI were excluded. Additionally, papers not written in English were
excluded. A total of 1297 works was selected at this stage.

Then, a full-text assessment was carried out. The reading process led to the exclusion of 1241
papers that were out of topic, papers focusing only on definitions and taxonomy, papers for missing
the model’s evaluation, and papers focusing more on users’ perception about robot’s abilities without
behavioral adaptation.

The final list of papers includes 56 studies, which satisfy all the following selection criteria:
(i) employment of cognitive architectures and/or behavioral models, (ii) explanation of cognitive
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architectures and/or behavioral models, (iii) research focus on robotic agent’s capabilities; (iv) behavioral
adaptation according to different strategies, and (v) analysis conducted on social or assistive robots.
The studies’ selection process is shown in Figure 1.

 

Figure 1. Selection process of relevant papers.

3. Results

3.1. Application Overview

The interest toward behavioral architectures has grown, as shown in Figure 2. Particularly, of the
fully evaluated papers, 7 papers (12.5%) were published before 2014 and 49 papers (87.5%) were
published within the past five years.
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Figure 2. Number of papers analyzed in this review, categorized by the year of publication.

The selected papers can be divided into two big groups: the works describing cognitive
architectures, behavioral adaptation models, and empathy models from a conceptual point of view
(seven papers as summarized in Table 2) and the works presenting experimental studies (twenty-three
papers summarized in Table 3). Additionally, the papers can be grouped subsequently on the basis of
the three areas described in the introduction and Figure 3 shows that most of the papers included in
this review focus on behavioral adaptation strategies (41.07%) together with cognitive architectures
(46.43%), and empathy (15.22%).

Figure 3. Number of papers, categorized by the main application covered.
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3.2. Data Abstraction

Data were abstracted from each selected article, as reported in Table 4 The tables give the
main purpose of each work, the robot used, the extracted features, and a short description of the
implemented model/algorithms. The last column reports the area to which they belong (cognitive
architectures, behavioral adaptation criterion, and empathy). In addition, for those papers which
describe an experimental protocol, the number and the type of participants involved in the experimental
session are also reported. The objective of the abstraction is to provide an overview of the papers
included in this survey and to facilitate their comparison.

3.3. Theoretical Works on the Development of Robotics Behavioral Models

In this section, published works on theoretical studies of robotic models are described. Occurrences
of theoretical studies belong to three areas (Table 2).

3.3.1. Concepts for the Cognitive Application Area

Human cognitive systems are often adopted as an inspiration to develop a cognitive architecture
for robots. In the last several years, in fact, assistive and companion robots have accomplished
advanced social proficiency whenever they were equipped with cognitive architectures. Relevant
examples of this trend are listed below in this section.

Reference [23] described cognitive architectures citing the Learning Intelligent Distribution Agent,
Soar, and the Adaptive Control of Thought-Rationale architecture with the aim to provide a set
of commitments useful to develop intelligent machines. In this work are presented the Theory of
Mind (ToM) and the “perceptual-motor simulation routines,” which are two of the fundamental
theories of social cognition. Particularly, the ToM would represent the inherent human ability in
attributed mental states to other social agents. That is possible through the application of theoretical
inference mechanisms on cues gathered by people during social interactions (e.g., facial expression
could be used in order to probabilistically determine the person’s emotional state). On the other
hand, the paradigm of “perceptual-motor simulation routines” state that people would be able to
understand others’ mental state by the use of simulation mechanisms, which would help the subject
attribute a mental state to his\her interlocutor. The authors suggested their approach, Engineering
Human Social Cognition (EHSC), which incorporates social signal processing mechanisms to allow
a more natural HRI and focus on verbal and non-verbal cues to support interaction. Social signal
processing is able to interpret social cues and then individual mental states. The authors underlined
that modelling recommendations have centered primarily on the perceptual, motor, and cognitive
modelling of a robotic system that spans disciplinary perspectives. This is the area that will require
extensive work in the future. As such, the next steps in this area must include both research and
modelling efforts that assess the issues and challenges of integrating the proposed types of models and
formalisms. That effort can aid in the development of an integrated and working system based on these
recommendations. These recommendations, if instantiated, would provide some basic perceptual,
motor, and cognitive abilities, but future efforts should address whether these would also support
more complex forms of social interaction. Such a capability would permit an artificial system to better
express or perceive emotions while interacting and communicating with humans in even more complex
social scenarios that would require shared decision-making and problem-solving.

Among cognitive architectures to be implemented into social robots to improve HRI, Pieters et
al. [35] presented a work with the aim to develop a human-aware cognitive architecture. This system
is conceived to provide robots with the ability to understand the human state, physical and affective,
and then to interact in a suitable manner. Starting from cognitive models, the authors organized the
architecture by considering a cognitive model that represents how memory is organized: a declarative
memory for semantic and episodic facts, and procedural memory. According to this organization,
the robot’s tasks are encoded as a sequence of actions and events, thanks to a symbolic task planner,
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with the aim to verify if, and in what way, the task has already been executed. In Reference [77],
the authors proposed an architecture that drives the robot behavior to acquire language capabilities,
execute goal-oriented behavior, and express a verbal narrative of its own experience in the world.

To provide robots with believable social responses and to have a more natural interaction,
a theoretical model was developed by Reference [33]. The proposed architecture is human brain-inspired
and it is structured into four principal modules, which encompasses anatomic structures and cognitive
functions, such as the sensory system, the amygdala system, the hippocampal system, and the working
memory. This brain-inspired system provides robots with emotional memory, which is fundamental
to be able to learn and adapt to dynamic environments. In particular, the authors focus on artificial
emotional memory, which lets robots remember emotions, associate them with stimuli, and react in
an appropriate way if unpleasant stimuli occur. External stimuli are pre-processed by the sensory
system, which is composed of the sensory cortex and thalamus. Prediction and association between
stimuli and emotions are conducted via the amygdala system that provides emotional feedback to the
hippocampal system.

Lastly, another brain-inspired architecture was developed in Reference [34]. It focuses on the
autonomous development of new goals in robotic agents. Starting from neural plasticity, the Intentional
Distributed Robotic Architecture (IDRA) is an attempt to simulate a brain circuit composed of the
amygdala, the thalamus, and the cortex. The cortex is responsible for receiving signals from sensory
organs. The thalamus develops new motivations in mammals, while the amygdala manages the
generation of somatosensory responses. Elementary units, called Deliberative Modules (DM), enable
a learning process that lets the robot learn and improve its skills during the execution of a task.
This process is known as Intentional Distributed Robotic Architecture (IDRA). Working memory
(acting as the cerebral cortex) and goal generator (acting as the thalamus) modules compose each
DM. Amygdala is represented by instincts modules. Experiments were made to verify the ability of
a NAO robot (https://www.softbankrobotics.com/emea/en/robots/nao/find-out-more-about-nao. Retrieved
July 2018) in learning to distinguish particular object shapes and in exploring in an autonomous way
and learning new movements. Sensing and actuation as main activities required for learning and
cognitive development were tested: NAO was able to learn new shapes taking sensorial inputs and to
compose new behaviors, which are consistent with these goals. The authors underlined their choice
to opt for directly using the high-level representation of the neural function, even though a system
that uses neural coding as basic representation could be integrated into IDRA. NAO is often used to
implement cognitive architectures. It was used in Reference [79] to evaluate a robot-assisted therapy
for children with autism and intellectual disability (the same was done in Reference [78] with a robot
named Kaspar) and in Reference [73] to examine the effect of robot-assisted language learning (RALL)
on the anxiety level and attitude in English vocabulary acquisition among Iranian EFL junior high
school students.

Another important element that should be considered in the field of behavioral models is the
mechanism of affordances. The concept of affordance refers to the relationship between human
perceivers and aspects of their environment. Being able to infer affordances is central to common sense
reasoning, tool use, and creative problem solving in artificial agents.

Cutsuridis et al. [36] created a cognitive control architecture of the perception–action cycle for
visually guided reaching and grasping of objects by a robot or an agent melded perception, recognition,
attention, cognitive control, value attribution, decision-making, affordances, and action. The suggested
visual apparatus allows the robot/agent to recognize both the object’s shape and location, extract
affordances, and formulate motor plans for reaching and grasping.

Haazebroek et al. [37] presented HiTEC, a novel computational (cognitive) model that allows for
direct interaction between perception and action as well as for cognitive control, demonstrated by
task-related attentional influences. In their model, the notion of affordance is effectively realized by
allowing for automatic translation of perceptual object features (e.g., object shape) to action by means of
overlap with anticipated action effect features (e.g., hand shape). Reference [39] proposed a Simulation
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Theory and neuroscience findings on Mirror-Neuron Systems as the basis for a novel computational
model, as a way to handle affective facial expressions. The model is based on a probabilistic mapping
of observations from multiple identities onto a single fixed identity (‘internal transcoding of external
stimuli’), and then onto a latent space (‘phenomenological response’). Asprino et al. [41] presented in
this paper an Ontology Design Pattern for the definition of situation-driven behavior selection and
arbitration models for cognitive agents. The proposed pattern relies on the descriptions and situations
ontology pattern, combined with a frame-based representation scheme. Inspired by the affordance
theory and behavior-based robotics principles, their reference model enables the definition of weighted
relationships, or affordances, between situations (representing agent’s perception of the environmental
and social context) and agent’s functional and behavioral abilities. These weighted links serve as
a basis for supporting runtime task selection and arbitration policies, to dynamically and contextually
select agent’s behavior.

Lastly, a different use of a cognitive industrial entity called context-aware cloud robotics (CACR)
is used for advanced material handling. Compared with the one-time on-demand delivery, CACR is
characterized by two features: (1) context-aware services and (2) effective load balancing. The CACR
case study is performed to highlight its energy-efficient and cost-saving material handling capabilities.

3.3.2. Concepts for the Empathy Area

Empathy is becoming an important field of social robotics and several behavioral models take this
aspect into consideration.

Reference [31] showed how different models based on emotions were created to build empathetic
and emotional robots. The main cues used in these models are movements, gestures, and postures.
In another paper, the same authors explored different dimensions of artificial empathy and revealed
different empathy models: a conceptual model of artificial empathy that was structured on the
developmental axis of self-other cognition, statistical models based on battery level or temperature,
and a four-dimension empathy model were presented and described. The cues used in this article were
unimodal and multimodal communication cues as opposed to the previous one that used movements.

Reference [80] discussed a conceptual model of artificial empathy with respect to several existing
studies. This model is based on affective developmental robotics, which provide more authentic
artificial empathy based on the concept of cognitive developmental robotics. The authors showed how
the model worked using two different robots: an emotional communication robot called WAMOEBA
and a humanoid robot called WE.

3.3.3. Concepts for Behavioral Adaptation Area

Designing an intelligent agent is a difficult task because the designer must see the problem from
the agent’s viewpoint, considering all its sensors, actuators, and computation systems. Farahmand et
al. [38] introduced a bio-inspired hybridization of reinforcement learning, cooperative co-evolution,
and a cultural-inspired memetic algorithm for the automatic development of behavior-based
agents. Reinforcement learning is responsible for the individual-level adaptation. Cooperative
co-evolution performs at the population level and provides basic decision-making modules for the
reinforcement-learning procedure. The culture-based memetic algorithm, which is a new computational
interpretation of the meme metaphor, increases the lifetime performance of agents by sharing learning
experiences between all agents in the society. To accelerate the learning process, the authors introduced
a cultural-based method based on their new interpretation of the meme metaphor. Their proposed
memetic algorithm is a mechanism for sharing learned structures among agents in society and lifetime
performance of the agent, which is quite important for real-world applications, increases considerably
when the memetic algorithm is in action.
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3.4. Experimental Works on the Development and Implementation of the Behavioral Model

In this section, published works on behavioral models with the experimental loop are shown and
are divided into sub-categories, according to the application area (Table 3).

3.4.1. Experimental Works for Cognitive Architectures

Concerning cognitive architectures, Reference [53] proposed a cognitive framework inspired by
the human limbic system to improve HRI between humanoid robots and children during a game
session. The robot’s emotional activity was modelled with computational modules representing
amygdala, hippocampus, hypothalamus, and basal ganglia and used to suggest users’ optimal game
actions. The results showed that this cognitive architecture provided an efficient mechanism for
representing cognitive activity in humanoid robots. The children’s attention level was higher when
compared to those of a game session without the use of the robot.

Reference [59] aimed to use an Interactive Social Engagement Architecture (ISEA) and an interactive
user interface to gather information from children. The authors tested the developed architecture with
an NAO robot and two other humanoids with 186 children. The ISEA is able to integrate and combine
human behavior models, behavior-based robotics, cognitive architectures, and expert user input to
improve social HRI. Eight modules compose the framework presented: knowledge, user input, sensor
processing, perceptual, memory, behavior generation, behavior arbitration, and behavior execution
modules. The knowledge module models human behaviors, while the perceptual module manages
external sensor data from the environment, and processes and interprets data, sending results to the
memory module. The behavioral generation module calculates which behavior and communication
strategies must be used and sends data to the behavioral generation module. Novel emergent
behaviors can be obtained by combining newly generated behaviors with the stored behaviors in
memory modules. Every time that behavior is displayed, the robot’s internal state is updated to
keep track of the new data storage. Preliminary results showed that children seemed to find it more
comfortable to establish an engagement with a robot, rather than with humans, in sharing information
about their bullying experiences at school. Although this research is only midway through the grant
award period, the developments and results are promising. Moreover, the authors said that slow and
steady progress is occurring with the development of this Integrated Robotic Toolkit, but there is still
significant and ongoing work to be explored with this approach.

Reference [52] proposed an intention understanding system that consists of perception and action
modules. It is an object-augmented model, composed of two neural network models able to integrate
perception and action information to allow the robot to better predict the user’s intention. The model
was tested in a cafeteria with customers and clerks. The action module was able to understand the
human intention and associate a meaning to predict an object related to that action. The combination
of these modules resulted in an improved human intention detection.

As explained in the theory section of the cognitive area, affordances are important elements
for building a behavioral model for social robots. Those ones encode relationships between actions,
objects, and effects and play an important role in basic cognitive capabilities such as prediction and
planning [62], which also developed a computational framework based on the Dempster-Shafer (DS)
theory for inferring cognitive affordances. They explained that this, much richer level of affordance
representation is needed to allow artificial agents to be adaptable to novel open-world scenarios.
Reference [63] also underlined the fact that affordances play an important role on basic cognitive
capabilities such as prediction and planning. The authors said that the problem of learning affordances
is a key step toward understanding the world properties and developing social skills.

Reference [69] also proposed a model that has collaborative cognitive skills such as geometric
reasoning and situation assessment based on perspective-taking and affordance analysis. Another
important element to be taken into consideration in the implementation of a behavioral model are
facial expressions. Those ones are often based on an inner model that is related to the emotional state
and are not only based on categorical choice. Chumkamon et al. [64] proposed a framework that
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focuses on three main topics including the relation between facial expressions and emotions. The first
point of their model is the organization of the behavior including inside-state emotion regarding the
consciousness-based architecture. The second one presents a method whereby the robot can have
empathy toward its human user’s expressions of emotion. The last point shows the method that enables
the robot to select a facial expression in response to the human user, which provides instant human-like
‘emotion’ and is based on emotional intelligence (EI) that uses a biologically inspired topological online
method to express, for example, encouragement or being delighted. Another application of facial
expressions in a cognitive architecture is shown in Reference [39] and in Reference [75]. Reference [55]
proposed a robotic system that could learn online to recognize facial expressions without having
a teaching signal associated with a facial expression. Reference [74] also created a system composed of
three robots that helped elderly people during their daily works such as reminding them of taking drugs
or bringing them the objects that they desired and analyzing their facial expressions to recognize them.

Lastly, learning from demonstration is used in Reference [71]. The authors proposed a learning
method for collaborative and assistive robots based on movement primitives. The method allows for
both action recognition and human-robot movement coordination.

3.4.2. Experimental Works on Empathy

When a social robot interacts with human users, empathy represents one of the key factors
to increase natural HRI. Emotional models are fundamental for social abilities to reach empathy
with users.

Reference [81], for example, evaluated and compared the emotion recognition algorithm in two
different robots (NAO and Pepper) and created metrics to evaluate the empathy of these social robots.

Reference [44] developed emotion-based assistive behavior to be implemented in social assistive
robots. According to the user’s state, the model is able to provide abilities to the robot to show
appropriate emotions, which elicits suitable actions in humans. The robot’s environmental and internal
information plus user affective state represent the inputs for the Brian robot (Brownsell, Alex (29 May
2013). “Confused.com overhauls brand in search of ‘expert’ positioning”. Marketing Magazine. http://www.
marketingmagazine.co.uk/article/1183890/confusedcom-overhauls-brand-search-expert-positioning. Retrieved
July 2018) to alter its emotional state according to the well-being of a participant and to the assistant in
executing tasks. In this work, the robot emotional module is employed not to provoke emotional feelings,
but rather in terms of assistive tasks that the robot should perform to satisfy the user’s well-being.

The experiments show the potential of integrating the proposed online updating Markov chain
module into a socially assistive robot to obtain compliance from individuals to engage in activities.
Using robotic behavior that focuses on the well-being of the person could be beneficial to the person’s
health. Moving to a fully encompassing target user group is needed to test the overall robot in its
intended assistive applications.

Reference [43] implemented an experiment with the I-Cat robot (http://www.hitech-projects.com/ icat/ .
Retrieved July 2018), which aims to provide a computer-based assistant that could persuade and
guide elderly people to behave in a healthy way. Previous works demonstrated that combining the
robot’s empathy with the user’s state contributed to a better appreciation of a personal assistant [82].
I-Cat features an emotional model that makes it able to smile and express sadness. Authors implemented
natural cues such as understanding, listening, and looking, to perform different roles for the robot
(educator, buddy, and motivator). The analysis was conducted by considering participants’ personalities.
The percentage of the total time that participants talked, laughed, and looked at the robot, and how
many times the participants said “goodbye,” as a sign of interpretation of the robot as a social entity.
The aim of the work was to establish behaviors for an electronic personal assistant with a high level
of dialogue, emotions, and social competencies. The findings showed that natural cues used by
I-Cat provoked more empathy and social involvement with users. When non-social cues were used,
users perceived the robot as less trustworthy and less persuasive, while avoiding its suggestions.
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During experiments, the physical characters were found to be more trustworthy but less empathetic
than the virtual character, which was not expected. This negative outcome on empathy might be due to
specific constraints of the iCat: it makes a relatively high amount of noise when it moves, and the head
and body movements may not be fluent enough. Another technical constraint was the (occasional)
appearance of errors in the movements and speech, such as skipping choices of the multiple-choice
questions. Furthermore, it may be that the three-character roles did not capture important advantages
of a physical character that can act in the real environment. For instance, more positive outcomes
might show up with a character that helps to attend to a medicine box with a specific location in the
house, compared to a virtual character that is not a real actor in the house.

Reference [25] provided their contribution to social pervasive robotics by proposing an affective
model for social robots, empathizing the concept of empathy. Behavioral adaptation according to
users’ needs and preferences resulted in preliminary tests that achieved a better social inclusion in
a learning scenario. The first part of the model, called “Affective loop,” was a module for the perception
of humans, characterized by body-based emotion recognition that can recognize human emotions.
According to the perception for human module’s outputs, the internal state of the robot changed,
which generates a complex emotional spectrum using a psycho-evolutionary theory of emotions.
The user was able to visualize the robot’s internal state and adjust some system parameters for the
duration and intensity of each emotion. The user’s interest in interaction was then monitored by the
visual system: when it decreased, the robot changed its behavior to socially involve the user and
selected its emotion according to the user’s state. Affective behaviors were also adapted to the goal of
interaction in a cooperative task between the robot and users.

Lastly, a comparison between two different cultures was made in Reference [30]. They made,
in fact, a comparison between expression features of compassion, sympathy, and empathy in British
English and Polish using emotion models that had sensory cues as inputs.

3.4.3. Experimental Works on Behavioral Adaptation

An attempt to develop robots to be emotive and sociable like humans, showing a capability to adapt
behavior in a social manner, is presented in Reference [58]. Starting from the Meyer-Briggs Theory on
human personality, the authors mapped human psychological traits to develop an artificial emotional
intelligence controller for the NAO robot. The proposed model was modelled as a biological system,
and as a structure of emotionally driven and social behavior represented by three fuzzy logic blocks.
Three variables were used as system input: “trigger event” that incites different psychological reactions,
“behavior profiler” that models event-driven behavior to fit profiles of individuals whose behavior needs
to be modelled, and “behavior booster/inhibitor” that augments or decreases the affective expressiveness.
Social behavior attributes were implemented in the NAO robot controller according to this model.
The robot interacted with young researchers, recognizing calls and gestures, and locating people in
the environment, and showing personality traits of joy, sociability, and temperament. The model
considers personality traits, social factors, and external/internal stimuli as human psychology does
when interacting with others. In Reference [76], Nao was also used to assist children in developing
self-regulated learning (SRL) skills. Combining the knowledge about personality traits discovered with
Meyer-Briggs Theory and validated by Reference [58] and experimental measurements of affective
reactions from a live model performed by an actor, Reference [61] developed a cognitive model of
human psychological behavior. This model includes personality types and human temperaments to be
implemented into the Robothespian humanoid robot. The authors tuned the block scheme developed
in Reference [58] according to measurements from an actor performing as a behavioral live model.
Different affective behaviors were played to create affective reactions to be added to the previous model.

Studies on proxemics, speed, and velocity provided unique suggestions to improve HRI, especially
in behavior adaptation according to the user’s movements and position. In Reference [56], the authors
investigated a robot’s trajectories and speed when it follows a user in a real domestic environment
to provide a comfortable social interactive behavior. The authors presented a framework for people
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detection, state estimation, and trajectory generation that can regulate robotic behavior. To select the
appropriate behavior, the robot used the state of the user and his/her localization as input, considering
movements and the context. Trajectories and velocity were considered in Reference [57], with a robot
moving with a social partner toward the same goal. The authors developed and tested a person-aware
navigation system modifying a trajectory planner. The criterion to change the planner was the distance
between the robot and the user, according to which the robot’s behavior adapted its velocity and
trajectory to reach the goal, but remained close to the user at the same time. The approach described in
this paper is limited because it only considers distance to the goal while ignoring the available free
space. This model could be augmented to consider free-space features, such as free space in front of
each social agent, distances to walls, and distances to other obstacles, to be more informed.

A similar work is presented by Reference [51] with a model to interpret the user’s behavior and
inclination toward interaction with an assistant robot. The robot was able to determine the user’s
behavior through body movements and extraction of posture features. According to its interpretation,
the robot decided if it should move closer or should wait for a better inclination from the user to interact.
The major benefit of this model is that it does not use verbal instruction from the user, which allows
the robot to assess the suitability of starting a conversation by using posture and movement analysis.

Behavioral adaptation according to users’ preferences and feedback on robot’s actions is presented
in Reference [46]. Two learning algorithms were applied to an internally developed adaptive robot,
known as the EMOX (EMOtioneXchange) robot. After having identified the user’s profile, the robot
proposed a personalized activity, while assisting and interacting with the user after the activity
selection. The user’s feedback after each activity was traced, letting the robot have a memory about
the user’s preferences to aid in suggesting a more appreciated activity later. The robot’s architecture
has observations of user behavior, feedback, and environment to use as input. The robot’s actions
are the system output, which are determined through knowledge rules as interaction traces, users’
profiles, decision process, and learning from the feedback process. The results showed that, even if
the interaction modality, with hand gestures, was found difficult, most participants found the robot
behavior adaptable and pertinent to their preferences.

Reference [49] presented a novel control architecture for the internally developed Brian 2.0 robot.
The aim was to adapt the robot’s behaviors according to the user state, which is a social motivator
and assists if needed. To be effectively integrated into society, robots should be provided with social
intelligence to interact with humans. This architecture promoted the robot’s abilities to support and
motivate users during a game memory session to stimulate humans cognitively. Encouragement and
assistance were provided through a modular learning architecture that determined the user’s state
and performances, which modified the robot’s behavior according to these inputs, recorded through
sensors, cameras, and modules. The combination of the robot’s emotional state module and intelligence
layer led establishment of the current robot’s assistive action related to the user’s state and adapts the
robot’s behavior to the interactive scenario, using non-verbal modalities of communication.

Reference [24] investigated a robot’s behavior by proposing a model that adapted to the visitor’s
intention. In a shopping mall, a humanoid robot was tested during approaching and interaction
tasks. The robot was provided with two interaction strategies depending on users’ behaviors: when
visitors showed uncertain intentions, the “proactively waiting” strategy was used and the robot went
toward them. The “collaboratively initiating” strategy, instead, was used when visitors’ willingness to
interact was seen and the robot started a conversation and moved closer to them. To reach a more
natural context in interacting with robots, Reference [47] presented an experiment with a social
robot learning to perform word-meaning associations. The authors hypothesized that a different
human attitude in approaching the robot could be obtained. The robot’s design had the aim to
evoke a strong social response from humans. The social cues used influenced the tutoring of the
human teacher and his behavior. An HRI interaction was measured through a language game,
during which the learner assimilated a lexicon and associated meanings. Based on the teacher’s
feedback, the learner modified the word-meaning association. It could be considered as a sort of
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behavioral adaptation, applied in a different context that could improve the robot’s social abilities.
Through users’ facial tracking, the robot was able to address participants during the interaction,
which emphasized the social involvement. Additional multi-modal social cues (gaze and verbal
statement) to express its learning preference was used by the robot, which modulates the interaction
and positively influences it. Reference [48] developed a spatial relationship model that considers
interpersonal distance, body orientations, emotional state, and movements. On the basis of these
inputs, the robot decides how to proceed, which sets its voice and moves toward the user or not. As the
robot comes close to the child, entering the “personal” distance zone, the current status of the user
is re-evaluated to adapt better to the robot’s actions. Children with cognitive disabilities interacted
with the robot, executing free and structured game sessions. Robot tactile sensors led us to understand
tangible interaction, as an expression of touch-interaction through physical contact with the children.
Depending on the touch-contact typology, the robot was able to select an appropriate behavior using
multimodal emotional expressions. The robot’s behavior can be adapted depending on the user’s
emotion, seen as an emotional stimulus for the robot’s cognitive architecture. Reference [50] proposed
a cognitive-emotional interactive model for interactive and communication tasks between young users
and a robot. During the interaction, the emotional robot acted its emotions using facial expression,
movements, and gesture as a consequence of the user’s emotion, according to the Hidden Markov
Model. The use of this model allowed the robot to regulate emotions as humans do, which provides
a better interaction. The model starts from the hypothesis that robots might know a human’s cognitive
process, in order to understand human’s behaviors. To do that, an object-functional role perspective
method allowed robots to understand humans’ behaviors: objects are interpreted as object-functional
roles and role interactions. An activity is interpreted as an integration of object role interactions,
so the robot is able to predict and understand a human activity. Because this model is only involved
in emotional intensity attenuation, the continuous prediction of spontaneous affect still needs to be
improved in the future, and the authors are considering expanding the experimental sample size and
seeking more effective evaluation approaches for affective computing. Reference [54] also proposed
a model that used a child’s affective states and adapted its affective and social behavior in response to
the affective states of the child.

In Reference [83], the authors also try to adapt robots’ behavior to human emotional intention
and an information-driven multi-robot behavior adaptation mechanism is proposed for human–robot
interaction (HRI). In the mechanism, the optimal policy of behavior is selected by information-driven
fuzzy friend-Q learning (IDFFQ), and facial expression with identification information are used to
understand human emotional intention. It aims to make robots become capable of understanding
and adapting their behaviors to human emotional intention, in such a way that HRI runs smoothly.
The importance of facial expressions for the implementation of social robots is shown in the other two
works. Reference [67] created a model for object, facial, gesture, voice, and biometric recognition and
Reference [68] used a Multi-channel Convolutional Neural Network (MCCNN) to extract emotions
from facial expressions.

Affordances are also used to implement a behavioral model that can adapt to users’ needs. Another
important aspect related to behavioral models is the cultural adaptation of the robot. Reference [40]
proposed a multi-robot behavior adaptation mechanism based on cooperative-neutral-competitive
fuzzy Q learning for coordinating local communication atmospheres in human-robots interaction.
The Fuzzy Q learning is an approach that fuses fuzzy logic with the discrete Q-learning method and the
authors called communication atmospheres significant information were introduced for human-robot
interactions. This approach was tested with people from different countries and with different
backgrounds to overcome the problem of cultural adaptation. Reference [65] also proposed a robotic
system that helps therapists in sessions of cognitive stimulation. Without taking into account aspects
such as the patient’s perception of the robot, or the impact of the cultural environment, the application
of these systems may be doomed to failure. The authors showed pieces of evidence of how the cultural
adaptation of the robots has been considered decisive in their success.
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Inspired by infant development, Reference [66] proposed a three-staged developmental framework
for an anthropomorphic robot manipulator. In the first stage, the robot is initialized with a basic
reach-and-enclose-on-contact movement capability and discovers a set of behavior primitives by
exploring its movement parameter space. In the next stage, the robot exercises the discovered behaviors
on different objects and learns the caused effects. This effectively builds a library of affordances and
associated predictors. In the third stage, the learned structures and predictors are used to bootstrap
complex imitation and action learning with the help of a cooperative tutor. Reference [70] developed
an innovative approach that allows one or more human operators to share control authority with
a high-level behavior controller on the basis of previous work on operator-centric manipulation control
at the level of affordances. In their work, the affordances of the object template can be requested from
the Object Template Server (OTS) and can be executed so that the robot performs the required arm
motions to achieve the manipulation task.

Lastly, Reinforcement Learning techniques were also used to create an HRI system (robot that
assists the human operator) to perform a given task with minimum workload demands and optimizes
the overall human–robot system performance [72].

4. Discussion

The aim of this work is to analyze the state of the art and, thus, to provide a list of hints regarding
cognitive architectures, behavioral adaptation, and empathy. Future research efforts should lead to
overcoming the limitation of the current state of the art, as summarized in Table 4.

Table 4. Challenges and opportunity.

Keywords Barriers/Limitations
Challenges and
Opportunities

Research Topics

Sensors Technology Multimodal sensors
[32]

A multisensory system
should be implemented in
the model of a robot to
create an improved
architecture

• Development of a multisensory
system that could be used to detect
different social cues at the same time
(i.e., vocal, facial, and gaze cues).

Reliable and usable
sensor technology

[32]

Sensors should be
designed to be reliable and
acceptable in a real-life
situation to reduce the
time-to-market

• Design new sensors that can be used
for a long time by the robot without
being damaged.

• Design and test sensors to be resistant
to possible impacts that the robot can
have during its work.

• Design sensors resistant to external
agents (i.e., water)

Perception Real-time learning
[28,84]

Real-time learning should
be developed to adapt the
behavior of the robot,
according to the changing
needs of the user

• Develop a robot capable of adapting in
real time to the changing needs
of users.

• Analyze “social cues” that the robot
should have according to the person it
is approaching (i.e., children, aged
people).

Emotional state
transitions

[44]

Research on the emotional
state module should be
done more deeply

• Investigate a larger variety of
emotional states including the
emotion transitions.
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Table 4. Cont.

Keywords Barriers/Limitations
Challenges and
Opportunities

Research Topics

Improving object
detections

[52]

Different approaches in the
area of object detection
should be investigated to
obtain a strong model of
the robot

• Development of real-time object
detection and recognition using
geometrical model or simple CNN,
deep and sophisticated CNNs

Learning from the
user

[46,71]

The robot should be able to
learn from the user in
order to accomplish
complex tasks

• A model based on learning from
demonstration methods could be very
useful to let the robot achieve better
and more complex skills.

Affordances
[41,62,63]

Affordances are important
elements to be analyzed in
the process of the
implementation of a
behavioral model for a
cognitive robot

• Develop a behavioral model that
includes action selection of cognitive
agents, following the notion
of affordance.

• Create a network that covers some
areas as a personal sphere (e.g., people
information), life events (e.g.,
information about memories,
scheduling, plans, etc.), environment
sphere (e.g., information about rooms,
furniture, objects, etc.), the health
sphere (e.g., living patterns, health
patterns, vital signs, etc.), and the
emotional sphere (e.g., emotions,
sentiments, opinions, etc.).

• Investigate affordance strategies
related to deformable objects.

Experimental Experimental session
[35,61,85]

The model should be
implemented on a real
robot and tested to
evaluate the proposed
artificial cognitive
architecture in dynamical
environments

• Test of the model of a robot in
dynamics environments (i.e., outdoor
and indoor, in crowded or not
crowded places) and with people from
different ages.

Architecture
Design

Brain-inspired
architecture

[34]

Research in robot’s
behavioral model should
be conceived with a
multidisciplinary
approach to be able to
adapt to the user’s needs

• Implement a multidisciplinary
approach to create better models for
social factors (i.e., engineering,
neuroscience, and psychology).

Modular and flexible
architecture

[19]

Robot should adapt to
different context and
different preferences,
which could change over
time. Therefore, the
architecture of a robot
should be modular and
flexible.

• Develop modular and adaptable
model of a robot to operate in different
contexts (schools, hospitals, and
industries).

• Implement a cloud architecture to
offload intensive tasks to the cloud, to
access a vast amount of data, and to
share knowledge and new skills.

Behavioral
consistency,

predictability, and
repeatability

[48]

These requirements should
be investigated to obtain a
complex model

• Integrating those fields in the model of
a robot could be obtained by creating
an algorithm that represents the
episodic memory. This could bring the
creation of an artificial intelligent
agent that can act more independently.
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Table 4. Cont.

Keywords Barriers/Limitations
Challenges and
Opportunities

Research Topics

Standardization Having a high level of
interoperability

• Investigate the system interoperability
to create a bridge among the different
components of the system.

Ethical, legal, and
social

Ethical and social
aspects

[19]

Ethical implications also
should be investigated
when creating a new
model for a robot

• Investigate the ethical and social
implications of designing social robots
with advanced HRI abilities.

Legal aspect
No rules can be found in
the legal field of social
robotics

• Investigate the regulation for social
robots to overcome the problem that
social robots cannot operate in
environments with people without a
supervision of an operator.

Cultural adaption
[24,40,65]

The robot should be able to
adjust parameters for
different cultures

• Test new robots with different cultures
to obtain a generic model for a robot.
Many models work well when tested
with people born in the country where
they were developed.

It shows several areas that have to be analyzed in future works as sensors technology, perception,
architecture design, and the presence/lack of an experimental phase.

Moreover, ethical, legal, and social aspects should be taken into consideration to build an efficient
behavioral model for future robots.

4.1. Sensors Technology

A crucial aspect in HRI is how robots manage to understand intentions and emotions of the users
using social cues (i.e., posture and body movements, facial expression, head and gaze orientation,
and voice quality). Sensors play a fundamental role because they are used to detect these cues,
which are then processed in the robot model. An issue related to sensors is the data acquisition that can
face delays, so an effort for the future could be to design sensors that are reliable and usable in real-life
situations. Moreover, the robot should have a multisensory to acquire different types of signals [32].
To achieve this goal, microphones, 2D and 3D vision sensors, thermal cameras, leap motion, Myo,
and face-trackers could be collected to create a system that gives a complete sensor coverage to the
robot. Each device could cover a different area. Microphones could be used for speech, Myo to collect
IMU and EMG data, face-trackers to find the head pose, gaze, and FACS, vision sensors to acquire
point cloud data, thermal cameras to detect objects in dark environments, and a leap motion to track
and estimate the position of the hand.

4.2. Perception and Learning from the User

A second ability that should be deeply analyzed is the area of perception. The main problem of
perception is to have a reliable real-time sensing and learning system, as expressed in Reference [84].
In this paper, the authors show that people’s preferences and knowledge change over time and a good
system should be capable of adapting in real time to these changes and should be able to learn from the
user. To achieve the latter competence, advanced learning-based methods [86] should be used to satisfy
user needs, while increasing the performance of the robot [87]. Additionally, future works should
detect and handle the emotion transition since humans change their emotions steadily [44]. This topic
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is one of the main issues of HRI because the robot must have a real time data acquisition to handle the
emotional transitions and this is quite difficult to gain due to delays during the data acquisition.

Another limitation of this area is the disconnection between perception and actions [52] and this
problem should be overcome to have a reactive robot. Reference [28] underlined this concept, saying
that changes in the user profile should be promptly detected to adapt behavior automatically.

An effort that could be interesting to study more deeply in the future is the possibility for the robot
to achieve complex skills learned from the user (i.e., for cleaning a table). Reference [46] proposed that
the robot should be able to change the internal model on the basis of what it learns from human beings,
using the learning from the demonstration approach.

Moreover, it is worth underlining the importance to increase the number of non-verbal input
parameters considered in the analysis, to make the robot more compliant and adaptable to the user’s
state and preferences [51].

4.3. Architecture Design

Concerning the architecture design, more modular and more flexible architectures should be
created, in the future: robots should be able to, for example, autonomously react to an unplanned
event and a complete risk analysis procedure should be performed in the design phase to correctly
handle the unplanned situations [19,24].

Behavioral consistency, predictability, and repeatability should be investigated since they are
fundamental requirements in the design of socially assistive robots in different contexts, such as for
children with autism as underlined in Reference [48]. Addressing them requires an accurate case
analysis, grounded on the current practice and on extensive experimentation. A possible approach
could be the use of learning from demonstration to teach the robot some skills to achieve a better
performance [87].

Moreover, a multidisciplinary approach should be pursued to design and develop reliable and
acceptable behavioral models [34]. Psychology, biology, and physiology, among others, are areas of
expertise, which should be part of the development process since they can help improve the HRI
experience [88]. Innovative behavioral models for assistive robots could be developed by taking
inspiration from the studies of human social models or from the study of a specific anatomical apparatus.
In this manner, future research will not only consider the physical safety (of the robot and the human
beings) but also psychological, anatomical, and social spheres of humans [48].

It is important to underline that the robot might be appropriate not only in the context for which it
was originally conceived (i.e., private home, hospital, and residential facility) but also for people with
different levels of residual abilities. In other words, the robot should be able to adapt to the variability
and different cultural and social contexts [89].

Lastly, a model of a robot should have a cloud architecture to have the ability to offload intensive
tasks to the cloud, to access a vast amount of data, to access shared knowledge, and not to lose
information in case of connection problems.

4.4. Experimental Phase

The advantage to test robotic solutions with real users is absolutely remarkable, as underlined
by the comparison between papers with or without the experimental sessions. Particularly,
some works [33,35,61] remark on the importance of testing the proposed model as a fundamental step
for future research. The main issue is that, in some scenarios, robots that completed a task during
the simulation phase, do not succeed in the experimental phase. This is the reason why testing the
behavior of the robot in a real environment is of extreme importance in order to find good parameters
that work for the experimental phase. In addition, the architecture should be validated using physical
robots that interact with users in dynamic environments (i.e., schools, industries, and hospitals).

Lastly, another limitation that can be found in several papers is the absence of a database (i.e.,
physical forces or emotional states of the user). A database could be useful to collect information
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achieved from the experimental phase and could be useful not only for the researchers that are working
on the project, but also for other researchers that want to use the data for their own projects.

4.5. Ethical, Legal, and Social Aspects

Future research effort should include the ethical implications of designing robots that interact
with people and the data that should be acquired and correctly stored to guarantee privacy [19].

Regarding legal and social aspects, Reference [24] underlined that the robot should be able to
adjust its parameters for different cultures that have different needs, in order to be able to satisfy real
user requests. Lastly, the birth of a regulation for social robots, like the one created for drones during
recent years, could be an important step in order to have the possibility to use a robot in crowded
environments [90].

5. Conclusions

This paper focuses on behavioral adaptation, cognitive architectures, and the establishment of
empathy between social robots and users. The current state-of-the-art of existing systems used in this
field is presented to identify the pros and cons of each work with the aim to provide recommendations
for future improvements.

To establish a set of benchmarks to define an HRI similar to human-human interaction is
an enormous challenge because of the complexity of non-verbal phenomena in social interactions.
Its interpretation needs the support of psychological processes and neural mechanisms. The topic
of the behavioral model is huge, and several factors contribute to making robots more accepted,
perceived as friends, and empathetic with users. A common limitation of the works presented is
that, often, authors focused on a particular aspect of HRI emphasizing a communication strategy
or a particular behavior as a reaction to the user’s action. Since it is not easy to include behavioral
adaptation techniques, cognitive architectures, persuasive communication strategies, and empathy
in a unique solution, researchers are often limited to organize experimental studies, which include
only some of these factors. This, unfortunately, provides useful information only to a limited part of
persuasive robotics. To maintain the importance of each contribution, it is fundamental to include,
in a whole vision, all the suggestions provided by each work. Although many improvements remain
to be accomplished, the already satisfying results from the authors have achieved an optimum starting
point to develop a better solution using knowledge of human cognitive and psychological structures.

Author Contributions: O.N. and G.A. were responsible for the literature research and methodology definition
and search strategies for synthesizing the information from the papers into text and tables. O.N., L.F., A.S.,
and G.M. collaborated on the discussion. O.N. and L.F. were responsible for the paper structure. They contributed
to the methodology definition and search strategies and wrote the discussion. F.C. was the scientific supervisor,
guarantor for the review, and contributed in methodology definition, paper writing, discussion, and conclusion.
All authors were involved in paper screening and selection. All authors read, provided feedback, and approved
the final manuscript.

Funding: Research supported by “SocIalROBOTics for active and healthy ageing” (SI-ROBOTICS) project founded
by the Italian “Ministero dell’Istruzione, dell’ Università e della Ricerca” under the framework “PON—Ricerca e
Innovazione 2014–2020”, Grant Agreement ARS01_01120.

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

References

1. Goodrich, M.A.; Schultz, A.C. Human-Robot Interaction: A Survey. Found. Trends®. Hum. Comput. Interact.
2008, 1, 203–275. [CrossRef]

2. Conti, D.; Trubia, G.; Buono, S.; Di Nuovo, S.; Di Nuovo, A. Evaluation of a robot-assisted therapy for children
with autism and intellectual disability. In Proceedings of the Annual Conference towards Autonomous
Robotic Systems, Bristol, UK, 21 July 2018.

98



Robotics 2019, 8, 54

3. Cavallo, F.; Aquilano, M.; Bonaccorsi, M.; Limosani, R.; Manzi, A.; Carrozza, M.C.; Dario, P. Improving
Domiciliary Robotic Services by Integrating the ASTRO Robot in an AmI Infrastructure; Springer International
Publishing: Cham, Switzerland, 2014; pp. 267–282.

4. Sancarlo, D.; D’Onofrio, G.; Oscar, J.; Ricciardi, F.; Casey, D.; Murphy, K.; Giuliani, F.; Greco, A. MARIO
Project: A Multicenter Survey About Companion Robot Acceptability in Caregivers of Patients with Dementia;
Springer International Publishing: Cham, Switzerland, 2017; pp. 311–336.

5. Loi, S.M.; Bennett, A.; Pearce, M.; Nguyen, K.; Lautenschlager, N.T.; Khosla, R.; Velakoulis, D. A pilot study
exploring staff acceptability of a socially assistive robot in a residential care facility that accommodates
people under 65 years old. Int. Psychogeriatr. 2018, 30, 1075–1080. [CrossRef] [PubMed]

6. Limosani, R.; Manzi, A.; Fiorini, L.; Cavallo, F.; Dario, P. Enabling Global Robot Navigation Based on a Cloud
Robotics Approach. Int. J. Soc. Robot. 2016, 8, 371–380. [CrossRef]

7. Gerłowska, J.; Skrobas, U.; Grabowska-Aleksandrowicz, K.; Korchut, A.; Szklener, S.; Szczȩśniak-Stańczyk, D.;
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53. Dağlarlı, E.; Dağlarlı, S.F.; Günel, G.Ö.; Köse, H. Improving human-robot interaction based on joint attention.
Appl. Intell. 2017, 47, 62–82. [CrossRef]

54. Boucenna, S.; Gaussier, P.; Andry, P.; Hafemeister, L. A Robot Learns the Facial Expressions Recognition and
Face/Non-face Discrimination Through an Imitation Game. Int. J. Soc. Robot. 2014, 6, 633–652. [CrossRef]

55. Boucenna, S.; Gaussier, P.; Hafemeister, L. Development of first social referencing skills: Emotional interaction
as a way to regulate robot behavior. IEEE Trans. Auton. Ment. Dev. 2014, 6, 42–55. [CrossRef]

56. Granata, C.; Bidaud, P. A framework for the design of person following behaviors for social mobile robots.
In Proceedings of the 2012 IEEE/RSJ International Conference on Intelligent Robots and Systems, Vilamoura,
Portugal, 7–12 October 2012; pp. 4652–4659.
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Abstract: Exoskeleton robots are a rising technology in industrial contexts to assist humans in
onerous applications. Mechanical and control design solutions are intensively investigated to
achieve a high performance human-robot collaboration (e.g., transparency, ergonomics, safety,
etc.). However, the most of the investigated solutions involve high-cost hardware, complex design
solutions and standard actuation. Moreover, state-of-the-art empowering controllers do not allow
for online assistance regulation and do not embed advanced safety rules. In the presented work,
an industrial exoskeleton with high payload ratio for lifting and transportation of heavy parts is
proposed. A low-cost mechanical design solution is described, exploiting compliant actuation at the
shoulder joint to increase safety in human-robot cooperation. A hierarchic model-based controller
with embedded safety rules is then proposed (including the modeling of the compliant actuator)
to actively assist the human while executing the task. An inner optimal controller is proposed for
trajectory tracking, while an outer safety-based fuzzy logic controller is proposed to online deform
the task trajectory on the basis of the human’s intention of motion. A gain scheduler is also designed
to calculate the inner optimal control gains on the basis of the performed trajectory. Simulations have
been performed in order to validate the performance of the proposed device, showing promising
results. The prototype is under realization.

Keywords: industrial exoskeleton design; industrial exoskeleton control; human-robot collaboration;
optimal control; empowering fuzzy control

1. Introduction

Exoskeletons are one of the key technologies to assist humans in a wide range of applications,
such as rehabilitation, daily activities and so forth [1–3]. In particular, the adoption of exoskeletons in
industrial applications is nowadays a hot-topic [4], since their capabilities to assist humans executing
onerous tasks [5,6].
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1.1. Industrial Exoskeletons Design Solutions

Industrial exoskeletons can be classified as passive and active. Passive solutions are not provided
by actuation, indeed, they use springs and/or dampers to store energy from human’s motion and
releasing it when required [7,8]. Passive exoskeletons are commonly supporting the human operator
in order to relieve him/her from repetitive tasks, while improving ergonomics [9]. Considering upper
limbs solutions, different devices are available on the market [10–13]. Such exoskeletons assist humans
in specific tasks, e.g., in over-the-head tasks, supporting the arm to reduce muscular stress. The
main advantages of these solutions are the reduced weight and size, do not requiring motors and
batteries. However, the comfortable range of postures for the human worker is restricted to specific
configurations (such as in the over-the-head tasks assistance), making passive exoskeleton typically
tailored to specific applications. Proposed solutions also consider a limited payload, since active
assistance cannot be generated. In addition, common solutions does not support the forearm, therefore
not guaranteeing the elbow support in case, e.g., of heavy parts transportation.

Active exoskeletons [14] are instead provided by actuation, allowing to empower the human
worker. Different solutions have been developed in order to face different tasks, adopting different
kinematics and hardware solutions [15–17]. Many solutions are available on the market, facing different
tasks and scenarios. The Panasonic Corporation has developed an active device, called AWN03, that
supports the operator’s back when lifting heavy loads [18] thanks to electric motors. Another active
human’s back support has been developed in Reference [19]. AUTON proposes a back-exoskeleton
to support workers in the transportation of heavy parts [20]. Muscle Suit by Innophys is an active
back-support for lifting tasks [21]. HAL exoskeleton developed by Tsukaba University [22] is a full
body exoskeleton for medical and industrial applications. Sarcos Robotics proposes the full-body
exoskeleton Guardian XO for heavy tasks execution [23]. The proposed state-of-the-art solutions
are still high-cost, characterized by a complex design, having a limited payload ratio (i.e., the ratio
between the exoskeleton payload and the weight of the device) and not involving compliant actuation.
Compliant actuation, such as series elastic actuation and variable stiffness actuation [24–26] are
increasingly implemented in human-robot interaction tasks [27–29]. A compliant actuation, in fact,
can intrinsically increase the safety in human-robot collaboration at the hardware level, having a
deformable structure. Some upper limbs exoskeletons exploiting compliant actuation can be found
for medical/rehabilitation applications [30,31]. However, due to the higher target payloads and
increased design and implementation complexity, available state-of-the-art active industrial upper
limbs exoskeletons are not equipped with compliant actuation. The safety issues are therefore tackled
only at the software side (i.e., saturating velocities/forces). In addition, low-cost solutions can only be
found in rehabilitation/medical domain, where limited power is required [32,33].

1.2. Exoskeletons Control Solutions

Exoskeleton control is widely investigated in order to assist humans in different applications [34].
Many control approaches have been developed, integrating different sensors and control techniques.
Brain-control schemes have been developed exploiting a electroencephalogram signals [35]. Surface
electromyograpy measurements have been exploited in order to control the exoskeleton on the basis of
the human’s muscles activation [36,37], also exploiting variable impedance control [38]. Admittance
force control has been also exploited in order to control the exoskeleton on the basis of the measured
interaction between the human and the robot [39]. External devices and measurement systems
have also been used to control the exoskeleton on the basis of muscular activation, such as the Myo
armband [40] or IMU sensors [41]. Common state-of-the-art approaches, however, show difficulties in
the estimation of the human intention, especially while manipulating (partially) unknown payloads.
Moreover, common approaches does not allow to online regulate the assistance given to the human
during the task on the basis of the human-robot interaction. In addition, safety is commonly tackled
in the controller only as a pre-defined saturation on the control action. Considering the empowering
scenario and the manipulation of a (heavy) part, safety-based rules modulating the assistance to the
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human on the basis of the current interaction state (i.e., velocity, interaction force and derivative of the
interaction force) should be included in the controller.

1.3. Paper Contribution

The aim of this paper is to fill the gap above described in the industrial exoskeleton field. More
in details, the paper proposes (i) the mechanical design of a low-cost exoskeleton (hardware costs
<10,000 Euro) for industrial applications with (ii) high payload ration (>0.8), (iii) involving compliant
actuation (to achieve intrinsic safety in human-robot interaction), together with (iv) the design of an
empowering safety-based control framework.

A lifting and transportation task of a heavy component has been considered as an objective for the
exoskeleton design specifications definition (case study: car bumper part with weight of 10 kg). On the
basis of such task, the kinematics of the exoskeleton has been defined, together with the performance
required by the exoskeleton—objective (i) and (ii). A series elastic actuator (SEA) has been designed
for the shoulder joint to embed compliance into the device—objective (iii). The SEA has been designed
exploiting a compliant transmission (i.e., a compliant belt) between the shoulder joint motor and
the link side. The target belt compliance has been calculated in order to achieve a target equivalent
shoulder joint compliance. On the basis of such specifications, components from the market (e.g.,
motors, elastic belt, etc.) has been selected to implement the designed solution.

The proposed empowering controller has been designed in order to actively assist the human
during the task execution. Intrinsic safety rules have been embedded into the control design in order
to modulate the assistance on the basis of the current interaction state (i.e., velocity, interaction force
and derivative of the interaction force) —objective (iv). Furthermore, the controller has been designed
to be robust to (partially) unknown payloads (i.e., the weight of the part). A hierarchic controller has
been designed, composed by an inner optimal controller (for trajectory tracking purposes) and by
an outer safety-based fuzzy logic controller (for human empowering purposes), online modulating
the assistance. The inner model-based controller includes the compliant modeling of the shoulder
joint. The outer controller (on the basis of the proposed membership functions) is capable to identify
the intention of motion of the human, reacting consequently. Moreover, a gain scheduler has been
designed in order to store inner optimal control gains as a function of the performed task trajectory
(i.e., control gains are a function of the executed trajectory).

Simulations studies have been performed in order to validate the proposed approach, simulating
different task scenarios. Simulation results are promising and the proposed methodology will be
applied to the real exoskeleton for final evaluation. The proposed exoskeleton is under realization.

2. Task Specifications & Exoskeleton’s Design Guidelines

2.1. Task Description

Considering the industrial context, the main purpose of the proposed exoskeleton is to relieve the
human from lifting efforts of heavy parts, while actively assisting him/her during the task.

In order to design the proposed exoskeleton, a bumper lifting task in a car assembly line (Figure 1a)
has been considered as the reference task. Such task implies a target payload for the upper limbs
exoskeleton equal to Pe = 10 kg (i.e., each exoskeleton arm has to lift—in ideal conditions—Pa = 5 kg).

In the following, the task is analyzed in order to define the exoskeleton configurations assumed
during the task execution. Two main configurations will be assumed by the human wearing the
exoskeleton during reference task (Figure 1b):

• Configuration 1: The arm is extended along the operator’s trunk and the elbow configuration is
90◦ flexed;

• Configuration 2: The shoulder is flexed of 90◦ and the upper limb is completely extended. This is
the most critical configuration considering the required motor torques.
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(a) (b)

Figure 1. (a) Reference task: car bumper lifting and transportation. (b) Human arm + exoskeleton
configurations during task execution.

More in details, the task is composed of nine phases (Figure 2):

• phase 0: the operator configures the upper limbs in configuration 1 and the exoskeleton is
turned on;

• phase 1: the operator moves the upper limbs without the external load, in order to grasp the object
(critical configuration 2);

• phase 2: the operator grasps the object (critical configuration 2);
• phase 3: the operator moves back to configuration 1 carrying the part;
• phase 4: the operator transports the object maintaining upper limbs in configuration 1;
• phase 5: the operator lifts the external object up to the critical configuration 2 to release the part;
• phase 6: the operator releases the object staying in the critical configuration 2;
• phase 7: the operator moves back in configuration 1 without the part;
• phase 8: exoskeleton assistance is turned off (configuration 1).

Figure 2. Lifting task phases.

2.2. Exoskeleton Specifications

In order to design the exoskeleton to face the proposed task, the following requirements have to
be considered:

• kinematics;
• torque requirements;
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• weight and size of the designed device;
• human safety;
• economic affordability.

2.2.1. Kinematics

Considering the proposed task and its phases, the kinematics shown in Figure 3 has been proposed
for the exoskeleton. In particular, the proposed kinematics is composed by 2 degrees of freedom (DoFs),
allowing to perform the complete sequence of task phases while minimizing the DoFs of the device and,
therefore, its complexity (i.e., minimizing size, weight and cost of the solution). The Denavit-Hartenberg
parameters of the proposed solution are summarized in Table 1.

Figure 3. Kinematics of the proposed device.

Table 1. Denavit Hartenberg parameters of the proposed device.

θ α r d

θ1 0 Llinka 0

θ2 0 Llink f 0

2.2.2. Torque Requirements

In order to define the torque requirements associated to the reference task, the most critical
configuration assumed by the exoskeleton has to be considered. Therefore, configuration 2 will be
used in order to calculate the required motor torques. The applied motor torque has to compensate
for the lifted load Pload and the human arm weight (composed by the human arm weight P1 and by
the human forearm and hand weight P2), while applying the required assistance to the human. The
exoskeleton will, therefore, apply two forces on the upper limbs due to arm support and forearm
support, assisting the worker during the target task execution. These forces compensate the external
torques applied by the load, therefore, having the human generating no torques.
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Figure 4 shows the exoskeleton-upper limb model, highlighting all the acting
forces/torques, where:

• Ra: interaction force between the forearm and the exoskeleton;
• Rb: interaction force between the arm and the exoskeleton;
• Rs: vertical reaction force of the shoulder;
• a1: application point of the Rb force;
• a2: application point of the Ra force;
• Larm: human’s arm length;
• L f+h: human’s forearm and hand;
• Plink2 : weight of the forearm exoskeleton link applied in the middle of the link;
• Pmotor2 : weight of the elbow motor;
• Plink1 : weight of the arm link applied in the middle of the link;
• τB: torque of the elbow motor to support the joint;
• τmot: torque of the shoulder motor to support the joint;
• Ts: vertical reaction force of the support connecting the exoskeleton link to the back-plate.

Figure 4. Loads acting on the exoskeleton in the critical configuration 2.

On the basis of Reference [42] (detailing the average height of European adults) and on the basis
of Reference [43] (detailing the average weight of European adults), the following parameters have
been chosen in order to define the human arm weight and length to be used in the above modeling:

• Height = H = 180 cm.
• Weight = W = 80 kg.

From the references above, it is therefore possible to calculate the modeling parameters from
anthropometric tables [44]:

• Larm = 0.2898 m.
• L f orearm+hand = 0.4536 m.
• warm = 2.24 kg (P1 = 22 N).
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• w f orearm+hand = 1.76 kg (P2 = 17.27 N).

Assuming that (from a preliminary design) the weight of exoskeleton links is 0.5 kg (i.e.,
Plink1 = Plink2 = 4.905 N), the weight of the elbow motor is 1 kg (Pmotor2 = 9.81 N), a1 = Larm

2 and
a2 = L f+h, it is possible to calculate reaction forces and the maximum static torques to be applied
by the shoulder and elbow motors considering configuration 2 (Table 2). On the basis of such torque
requirements, motors can be selected.

Table 2. Reaction forces and motor torques calculated to compensate for human arm weight and
component weight in the critical configuration 2.

Ra N Rb N Ts N Rs N τmot Nm τB Nm

57.68 39.29 116.56 −8.63 54.7 27.3

2.2.3. Weight and Size of the Designed Device

Considering that the upper limbs exoskeleton has to be transported by the human worker, its
weight and size have to be reduced as much as possible. Therefore, the selection of the components
(e.g., motors) has to consider also such goal. Moreover, in order to limit the size of the designed device
(in particular lateral dimension of the device) while ensuring the torque requirements, the shoulder
motor has been placed on the back support of the exoskeleton. Mechanical design of the links, etc, also
considers both weight and size requirements.

2.2.4. Human Safety

In order to improve the transparency and the safety of the device while collaborating with the
human, compliance has been embedded into the mechanical structure of the exoskeleton. In particular,
a compliant transmission has been designed to connect the shoulder motor to the shoulder link. Such
transmission has to be capable to produce an equivalent shoulder stiffness Keq ∈ [150, 200] Nm/rad.
Such equivalent stiffness is a medium-level value capable to give a degree of compliance to the
exoskeleton while avoiding too high deformations.

2.2.5. Economic Affordability

Components from the market have to be selected both satisfying the previous design requirements
and the costs constraints). In fact, one of the main goal of the proposed design is to have hardware costs
<10,000 Euro. Therefore, a balance between design specifications and hardware costs has to be found.

3. Exoskeleton Modeling & Design

3.1. Compliant Shoulder Joint Actuation Modeling

As mentioned in Section 2.2, the proposed exoskeleton design includes a compliant actuation for
the shoulder joint. Such actuation system is composed by a compliant belt as a transmission between
the motor and the shoulder joint. The concept of the compliant belt actuator is shown in Figure 5.
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Figure 5. Mechanical model of the compliant belt shoulder joint actuation.

The aforementioned actuation system is modeled as the parallel of two mass-less spring-damper
elements (with same stiffness kel and damping rel parameters) as in Reference [45]. Being the radius of
the pulleys both equal to Rsea = 0.04 m, the deformation of each spring-damper element xi is given
by: x1 = −Rsea(q1 − θM) and x2 = Rsea(q1 − θM) = −x1, where q1 is the link-side position and θM is
the motor-side position as shown in Figure 6. In case of zero motor torque τmot = 0, namely in the
equilibrium position, the deformations are zero.

θM

τmot

q1

q2

τB

Compliant Belt
kel , rel

Figure 6. Elastic belt and joint torques are highlighted on the proposed exoskeleton model.

Overall torque transmission is given by the effect of pulling forces Fi on the two springs. Being
lpi the pre-loaded lengths (equal for both springs), the forces are computed as Fi = kel(lp + xi) + rel ẋi.
Therefore, the relation between motor torques and elastic belt deformations can be derived:

τmot = −2R2
seakel(q1 − θM)− 2R2

searel(q̇1 − θ̇M). (1)

3.2. Exoskeleton Dynamic Model

The overall mechanical system can be represented as a 3-DoFs system that moves in the sagittal
plane. The device DoFs are represented by θM (the shoulder motor joint position), q1 (the shoulder
joint position) and q2 (the exoskeleton elbow joint position). θM and q1 are connected by the elastic
belt, transmitting the torque by the relation (1). According to the Euler-Lagrangian formulation, the
dynamics of the exoskeleton connected to the human arm can be expressed as follows:

M(q)q̈ + C(q, q̇) + G(q) + f (q̇) + K(q) + D(q̇) = τ − JT
e Fe, (2)

where:

• q ∈ R3x1 is the vector of the DoFs [θM, q1, q2]
T ;
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• M(q) ∈ R3x3 is the system inertia matrix;
• C(q, q̇) ∈ R3x1 is the Coriolis and centrifugal vector;
• G(q) ∈ R3x1 is the gravitational vector;
• f (q, q̇) ∈ R3x1 is the vector of friction forces;
• K(q) ∈ R3x1 is the system elasticity vector;
• D(q̇) ∈ R3x1 is the system damping vector;
• τ ∈ R3x1 is the vector of applied torques at the actuated joints;
• JT

e is the transposed extended Jacobian matrix;
• Fe is the vector of external forces applied by the human and/or external load.

The formulation in (2) represents three coupled second-order differential equations that relate the
joint positions, velocities and accelerations to the joint torques τ = [τmot, 0, τB]

T . In particular, τmot is
the torque applied by the shoulder motor and τB is the torque applied by the elbow motor.

Combining the exoskeleton dynamics of the 2-DoFs manipulator with the compliant belt actuator
dynamics in Section 3.1, it is possible to obtain the final overall 3-DoFs configuration. The resulting
matrices comprehend terms coming both from the rigid mechanical system and the elastic coupling
with the shoulder actuator. Angular velocities and positions of the shoulder joint q1 and motor joint
θM are coupled through the first two elements of the damping vector D(q̇) and the stiffness vector
K(q). The torque transmission to the rigid system is explained in Section 3.1.

Figure 6 represents the CAD model of the exoskeleton and human arm, highlighting the joints
(red label), the actuation torques (blue label) and the compliant belt (green label).

3.3. Compliant Shoulder Joint Design

In order to select the elastic belt stiffness kel , a preliminary analysis have been performed
considering the following stiffness values (peculiar for off-the-shelves elastic belts): kel =

[25,000, 50,000, 75,000] N/m. Pre-load has also been varied from zero to the maximum pre-load force
Fpmax = kel

lmax
2 (considering 5 values in such range). By increasing kel , both the maximum transmittable

torque and the equivalent shoulder joint stiffness increase (where the equivalent shoulder joint stiffness
can be calculated as Keq = ∂τmot

∂(q1−θM)
= 2kel R2

sea).
To select the elastic belt, a shoulder equivalent stiffness Keq ∈ [150, 200] Nm/rad has been

imposed. Such equivalent stiffness is a medium-level value capable to give a degree of compliance
to the exoskeleton while avoiding too high deformations. To satisfy the above requirement, kel has
been selected equal to 50,000 N/m. Figure 7a shows the stiffness characteristic curve of the selected
ELATECH R© SIT Spa belt and Figure 7b its equivalent shoulder joint stiffness. The stiffness characteristic
variation is due to the pre-load applied to the belt.
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Figure 7. (a) Stiffness characteristic of the chosen belt. The stiffness characteristic variation is due to
the pre-load applied to the belt. (b) Equivalent stiffness at the link-side shoulder joint.

3.4. Design Solution

The 2 DoFs kinematics has been selected, with the Denavit-Hartenberg parameters in Table 1.
In the presented section, the selected hardware components are detailed, satisfying the above

define design specifications.

3.4.1. Brushless Motor Maxon EC60 FLAT/MILE/PM72

The Maxon motor EC60 FLAT/MILE/PM72 (24 V) has been selected as the shoulder
motor, including:

• speed reducer IMS PM 72 C Ø72 mm, 4 stage, ratio 305:1.
• EC60 flat, brushless, with Hall sensors.
• encoder Maxon MILE, 1-1024 pulses, 3 differential channels.
• nominal torque 56.30 Nm.

The proposed motor satisfy the required static torque within its nominal torque and allows to
apply higher pick torques for control purposes. The weight of the motor is 1.5 kg.

3.4.2. Transmission

The elastic belt ELATECH R© SIT Spa has been selected. The belt has a bielicoidal teeth with a
progressive and continuous meshing in order to reduce vibrations and noises. 1 to 1 ratio (EGLE)
pulleys have been selected.

3.4.3. Elbow Actuator

robolink R©D High End robotic joint, size 20, symmetrical, provided by Igus has been selected as the
elbow actuator. This motor is composed by a stepper motor (NEMA17/23/23XL) which drives a
revolute joint (code: RL-D-20-101-38-01033). The weight of the motor is 0.9 kg.
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3.4.4. Exoskeleton CAD

Figure 8 shows the proposed exoskeleton design. The thickness of the arm link is 70 mm and
the elbow motor is placed inside the link. The shoulder motor is fixed to the back-plate through an
aluminium support. The position of the support can be adjusted to increase the device wearability.
The shoulder motor torque is transmitted to the human’s shoulder through the compliant actuation.
The link-side shoulder joint mounts an encoder in order to measure q1 and, therefore, the angular
deformation q1 − θM. On the basis of such measurement and on the basis of the elastic belt stiffness,
the external torque applied by the human/external load can be estimated. Such estimate is used in
the control loop for the active assistance definition. The shoulder pulley has to be aligned with the
shoulder axis parallel to the frontal plane. In such a way, the flexion/extension degree of freedom is
implemented. The elbow motor must be also aligned with the operator’s elbow joint to guarantee the
elbow rotation. The links length can be regulated in order to adapt the exoskeleton to the user. A range
of ±3 cm has been considered for the adaptability of the links length.

Figure 8. Exoskeleton prototype CAD model.

The total estimated weight of the designed exoskeleton is about 12 kg, not including batteries.
The shoulder motors are the heaviest component of the device. On one hand, the weight of the device
can be reduced selecting a higher-performance motor for the shoulder joint. However, this will result
in higher costs. On the other hand, the exoskeleton payload can be reduced in order to require less
performance from motors. Considering the target task detailed in Section 2.1 and considering the
budget constraints, the proposed motor is the optimal solution that authors found available on the
market in the design phase. It has to be remarked that the payload ratio of the proposed device is >0.8.

Remark 1. The above mentioned motors have been selected with a nominal torque satisfying the specifications
described in Section 2.2.2. The peak torque is even higher in order to compensate for modeling errors or human
subject higher arm weight.

Remark 2. On the basis of the selected motors, the friction model in (2) implements a two parameters friction
model for the shoulder and elbow joints fqi = α1,i q̇i + α2,isign(q̇i) (where i indicates the exoskeleton joint) with
parameters α1,i and α2,i as in Reference [46] (similar motor as the one mounted on the UR10 manipulator). Such
values have been used in simulation. Real friction values have to be identified on the real exoskeleton.

4. Industrial Exoskeleton Control

4.1. Problem Formulation

The goal of the proposed controller is to assist the human in the lifting and transportation of heavy
parts. To achieve such goal, the proposed control logic merges together the perks of the optimal control
(to obtain stability and robustness) with the adaptability proposed by the fuzzy logic. A hierarchic
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controller has been designed, composed by an inner optimal control loop (to track a reference task
trajectory) and by an outer fuzzy logic control loop (responsible for updating the commanded trajectory
according to the detected intentions of motion of the human). The gain scheduling control allows
to have online modification of the control gains of the inner optimal controller according to the
commanded trajectory. The interaction torque τint between the human and the exoskeleton is calculated
exploiting the encoders measurements at both the sides of the elastic belt actuation. τint is exploited by
the fuzzy controller in order to identify the intention of motion of the human.

4.2. Optimal Control Design

The inner optimal control guarantees the tracking and stabilization of the system around the task
reference trajectory. Let the state-space dynamic equations of a linear (or linearized) time-varying
system be:

ẋ(t) = A(t)x(t) + B(t)u(t),

y(t) = C(t)x(t),
(3)

where x ∈ R
n is the state vector, A and B are the state and input matrix of the linearized system

respectively, u ∈ R
m is the control action vector and y ∈ R

p is the output vector. According to the
optimal control theory on Linear Quadratic Regulator ([47]), it is possible to define a quadratic cost
function J as:

J =
1
2

ΔxT(t f )PΔx(t f ) +
1
2

∫ t f

t0

(
ΔxT(t)QΔx(t) + ΔuT(t)RΔu(t)

)
dt, (4)

where Δx = qre f − q, P and Q are symmetric and positive semi-definite weight matrices and R is a
symmetric and positive definite weight matrix. An optimal LQR controller can be designed in order to
minimize this cost function, being the weight matrices previously defined, as shown in Figure 9.

Optimal Control Exoskeleton

HumanFuzzy Logic

Gain Scheduling

d
dt

q, q̇

τ

τint

q̇1

qref

τint

τ̇int

•

Human-Robot Interaction

Controller

Figure 9. Overall control scheme showing the inner optimal controller, the outer fuzzy logic controller
and the gain scheduler, highlighting the feedbacks to the control loops.

4.3. Gain Scheduling Control Design

A gain scheduling LQR approach has been used in order to have a performing and stabilizing
controller for all the possible configurations of the system. This offline controller, in fact, modifies the
control gain matrix on the basis of the desired pre-defined trajectory.
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Basically, the nonlinear system outlined in Section 3 is quasi-linearized into several linear
time-invariant (LTI) subsystems with respect to different operating points. Let the nonlinear state
equation of the system be represented as:

ẋ(t) = η(x(t), u(t), t) =
[
θ̈M, θ̇M, q̈1, q̇1, q̈2, q̇2

]T
. (5)

The Taylor series expansion using the appropriate operating points (x∗, u∗) can be obtained as
ẋ = Ax + Bu + Err(x∗, u∗, t), where:

A =
∂η(x, u)

∂x

∣∣∣∣x=x∗
u=u∗

and B =
∂η(x, u)

∂u

∣∣∣∣x=x∗
u=u∗

. (6)

As demonstrated by Reference [48], the system approximation error term Err(x∗, u∗, t) can be
neglected, having the nonlinear system simply linearized as ẋ = Ax + Bu.

Due to the fact that the linearization around the operating points holds, the plant and the weight
matrices are assumed to be time-invariant and, therefore, t f in the time interval can be assumed to be
equal to infinite.

If P(t) does converge, Ṗ = 0 can be assumed for t � t f and the resulting equation for the LQR
problem is the so-called algebraic Riccati equation (ARE):

0 = −Q − PA − ATP + PBR−1BTP. (7)

Therefore , if P∞ exists, the corresponding steady-state feedback gain matrix is given by
K∞ = R−1BTP∞. The resulting optimal control law is then obtained as: Δu∗(t) = −KΔx(t).

The adopted strategy aims to apply the quasi-linearization approach to the several system
configurations related to the typical arm lifting trajectory as detailed in Section 2.1. The feedback
control gains are computed for each configuration of the exoskeleton. Such control gains are stored
and, based on the reference set-point qre f

1 , online applied by the gain scheduler. The proposed strategy
is schematized in Figure 10.

qref
1

K

Setpoint

Gain Scheduling

LQR

Figure 10. Gain scheduler online updating the control matrix to the inner optimal controller.

4.4. Empowering Fuzzy Controller Design

The main motivation to adopt a fuzzy logic for the outer human’s intentions-based control is
to deal with complex, ill-defined, uncertain and dynamic processes, which are intrinsically difficult
to being modelled mathematically. In order to account for human’s behaviour inside the control
architecture while establishing a human-oriented input-output relations, a fuzzy table is built. The
empowering fuzzy controller, therefore, is the highest level controller and it is responsible for the
online modification of the reference trajectory, based on the human’s intentions of motion.
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The inputs of the developed fuzzy controller are the interaction torque τint, the interaction torque
derivative τ̇int and shoulder joint angular velocity q̇1. The output is the assistance level AL that is yielded to
the controller in order to modify the reference set-point of the optimal control.

The strategy behind the choice of the inputs membership functions is to obtain an adequate
map of the general motion intentions from the human operator, classifying whether the applied
torque is intentional or not, thus recognizing if the shoulder joint is willing to move from the current
configuration or not. At the same time, an appropriate definition of safety between human and
exoskeleton is achieved. More in details, the speed of the shoulder and the interaction torque are
monitored to avoid the excess of the specified threshold. Moreover, the embedded strategy allows to
recognize whether the human’s intention is willing to lift (lifting assistance) or lower (lowering assistance)
the arm, accordingly defining the deformation of the optimal control trajectory.

4.4.1. Membership Functions

The states of the membership function characterizing the shoulder joint velocity are: stop, slow,
move and fast, whose aim is to decompose the velocity range into different states, to know whether the
shoulder angular variation is too fast, too slow, in the desired motion range or to understand if the
human wants to stop the motion. The states of the membership function characterizing the interaction
torque are: N, S and NS, which stand respectively for no torque (below a specified threshold the control
is not activated), safe and not safe. Finally, the states of the membership function characterizing the
interaction torque derivative are: variation (V) or no variation (NV), meaning if the operator wants to
move the shoulder or change the motion by increasing or reducing the applied torque or not.

The output membership functions for the assistance level AL range over four different fuzzy sets:
none, low, medium and high.

4.4.2. Rule Base

The rule base for the current control strategy can be summed up with the following nine
rules for the lifting assistance and eight rules for the lowering assistance (rule #8 is omitted for
the lowering phase). The rule base adjusts the level of assistance depending on how much the operator
is willing to move from the current arm position, respectively yielding null to high assistance to the
shoulder motion: ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

#1 IF q̇1 is stop AND τint is S AND τ̇int is NV THEN AL is none

#2 IF q̇1 is stop AND τint is S AND τ̇int is V THEN AL is low

#3 IF q̇1 is slow AND τint is S AND τ̇int is NV THEN AL is low

#4 IF q̇1 is slow AND τint is S AND τ̇int is V THEN AL is medium

#5 IF q̇1 is move AND τint is S AND τ̇int is NV THEN AL is medium

#6 IF q̇1 is move AND τint is S AND τ̇int is V THEN AL is high

#7 IF q̇1 is f ast THEN AL is none

#8 IF τint is NS THEN AL is none

#9 IF τint is N THEN AL is none.

Figure 11 shows the process of fuzzy rule base for the lifting assistance developed in MATLAB R©.
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Figure 11. The nine fuzzy rules for the lifting assistance represented in MATLAB R©.

The online trajectory generation to be provided to the inner optimal controller and gain scheduler
is, therefore, deformed by the required assistance by the human:

qre f
1 = q1 − ALsign(τint). (8)

In particular, the shoulder reference angular position is computed from the stored value of q1

that is updated with a frequency of 50 Hz, only if the value of assistance level is different from zero.
The value ALsign(τint) allows to establish whether the reference set-point needs to be decreased or
increased with respect to the previous value, by considering the sign of the interaction torque.

Remark 3. It has to be underlined that the only use of the force measurements cannot allow the fuzzy logic to
identify an intention of motion of the human (the weight of the arm/payload affects this estimation). Including
the velocity and the force derivative in the fuzzy controller can instead allow to understand if the human is
intended to move the exoskeleton. In this case, in fact, it is possible to monitor the full interaction state between
the human and the robot.

Remark 4. The proposed controller extends the work in Reference [49] including improved fuzzy membership
functions and rules, together with the proposed lower level gain scheduling optimal controller.

5. Simulation Validation

The effectiveness of the proposed control architecture has been validated in simulation. All
the analyses have been carried out considering the nominal parameters of the system (Section 2.2),
affected by uncertainties, in order to take into account modeling errors (e.g., unknown upper limb
anthropometric characteristics, involuntary tremor, etc.).

The simulations are performed using MATLAB R©/Simulink.

5.1. Empowering Human in Lifting Task

The proposed controller has been tested in simulation assisting the operator in a lifting task of a
10 kg part (i.e., 5 kg for each exoskeleton arm as defined in Section 2.1). In the proposed simulation the
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payload is grasped at time equal to 1 s. At time equal to 4.5 s a torque is applied by the human shoulder
to interact with the exoskeleton. Three interaction torque levels are simulated in Figure 12: 8 Nm,
12 Nm and 16 Nm. Such three torque levels have been implemented in simulation in order to show
the different activation of the fuzzy rules. The simulation considers an initial joint velocity equal to
zero (i.e., the corresponding state of the velocity membership function is stop). All the applied torques
make the derivative of the interaction torque resulting in the variation state V. Considering the applied
torques, the first interaction torque level is not able to activate the fuzzy controller to assist the human
(i.e., the corresponding state of the interaction torque membership function is no torque N). The second
and third interaction torque levels, instead, activate the assistance (i.e., the the corresponding state of
the interaction torque membership function is safe S), deforming the set-point to the optimal controller
until the torque decreases to zero. The proposed controller is, therefore, capable to distinguish from
required assistance, empowering the human operator.
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Figure 12. Cont.
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Figure 12. (a) The interaction torque level 8 Nm is applied while manipulating the 10 kg payload
added (i.e., 5 kg for each exoskeleton arm as defined in Section 2.1). The applied interaction torque
is not able to activate the fuzzy controller to deform the set-point to the optimal control to assist the
operator. (b) and (c) are related respectively to the 12 Nm and 16 Nm interaction torque levels. The
fuzzy controller is activated, empowering the operator. In (c) the assistance is higher then in (b) due to
the higher interaction torque level.

5.2. (Partially) Unknown Part Manipulation Task

Concerning the real industrial scenario, where the operator lifts and carries an external weight
(like a car’s bumper, Section 2.1), the proposed exoskeleton control logic has to guarantee an adequate
support to the arm even manipulating (partially) unknown weight parts. The here presented simulation
evaluates the performance of the model-based controller for an unknown load-handling task scenario.

The simulation in Figure 13 shows the shoulder joint position time history when an unknown
external weight of 4 kg is applied on the exoskeleton (at time t = 1 s). The proposed controller has
been compared with a PID controller that compute the control action τPID as follows:

τPID(t) = Kp

(
qre f

1 (t)− q1(t)
)
+ Kd

(
q̇re f

1 (t)− q̇1(t)
)
+ Ki

∫ (
qre f

1 (t)− q1(t)
)

dt, (9)

where Kp = 50 Nm/rad is the proportional gain, Kd = 15 Nms/rad is the derivative gain and
Ki = 4 Nm/rad/s is the integral gain. The gains have been experimentally determined to achieve the
maximum simulation performance while maintaining the system stability.

The fuzzy logic controller identifies that such load application is not resulting from a human
intention of motion, therefore, not updating the reference trajectory to the inner optimal controller and
gain scheduler. Comparing the results with the PID controller, the proposed controller is capable to
suppress the vibrations while resulting in less deformation of the joint position.
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Figure 13. Comparison between the proposed controller and PID controller compensating a 4 kg
payload unknown weight. The proposed controller is capable to suppress vibrations, resulting in
less deformation.
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6. Discussion

The proposed methodology have considered both mechanical design and control design of a
low-cost industrial upper limbs exoskeleton. On the basis of the provided analysis, it has been possible
to define the mechanical design specifications, taking into account the reference task. Off-the-shelves
components (such as motors, elastic belt, etc.) have been identified to satisfy the design requirements.
In particular, the belt has been selected to satisfy the compliance actuation requirements, in order
to ensure safety at the hardware level. It has to be underlined that a trade-off between design
requirements and available solutions is required. In particular, the economic requirement and the
torque requirements have been prioritized, with respect to weight and size requirements. The resulting
solution, in fact, has a weight of 12 kg without batteries. The device weight can be reduced of about 3 kg
by changing the shoulder motors (e.g., purchasing the ANYdrive actuators [50]). However, different
motors will increase considerably the hardware costs (costs can vary from 1500 Euro to 5000 Euro
per motor). The empowering controller has been designed with emphasis on safety. Safety rules
embedded in the outer empowering fuzzy logic have been design on the basis of the interaction state.
The designed safety rules allow to achieve a trade-off between empowering performance and safety
requirements, avoiding to high dynamics motions, while guaranteeing a safe human-robot interaction.
The inner optimal gain scheduling controller allows for the tracking of the reference provided by the
outer control loop.

7. Conclusions

The here presented paper describes the mechanical and control design solutions for (i) a low-cost
hardware industrial exoskeleton (ii) with high payload ratio to be adopted in lifting and transportation
of heavy parts. Mechanical design specifications have been derived from the task, allowing to design
(iii) an intrinsic compliant 2 DoFs exoskeleton exploiting e SEA actuation at the shoulder joint to
intrinsically increase human-robot interaction safety. The proposed control architecture has been
described, defining (iv) a safety-based control framework. The inner gain scheduling optimal controller
allows for task trajectory tracking. The outer safety-based fuzzy logic controller allows for human
empowering. Simulation results show promising performance in the assistance of human operators
(damping vibrations and empowering workers) and in the manipulation of unknown payloads.

The prototype of the proposed solution is under realization and it will be experimentally tested in
the proposed task to evaluate the proposed approach. In particular, 20 subjects will be considered in
the experimental tests. Both cognitive evaluation (based on questionnaires) and quantitative evaluation
(based on EMG measurements) will be performed as in Reference [49]. In addition, authors will apply
to the second call of the EUROBENCH project to test the proposed exoskeleton in the EUROBENCH
exoskeletons benchmark facility, where the leading author Roveda is also leading the STEPbySTEP
project [51].

8. Current and Future Work

Considering the mechanical design of the device, current work is focusing on a 3 DoFs shoulder
joint concept, implementing 2 additional passive DoFs. In this new concept, the shoulder motor is
considered aligned with the shoulder joint. The resulting exoskeleton implements, therefore 4, DoFs
(Figure 14). The main advantage of the proposed new design is related to the increased mobility of
the shoulder. However, such joint requires a different design of the compliant actuation. Therefore,
the here mentioned solution is still under evaluation. Additional work is devoted to design a passive
ergonomic back support for the exoskeleton to increase the ergonomics of the device. Considering
the control design of the device, machine learning techniques are investigated to optimize the outer
controller parameters.
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Figure 14. Three DoFs shoulder joint: new concept to increase exoskeleton mobility and task DoFs.
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Abstract: Assembly kitting lines typically deal with components that present different quantities in
the final kit. Re-configurable feeders are not advisable for low quantity components since this solution
leads to high inefficiency, due to the time required for retooling and for the feeding rate unbalance
between the components. On the other hand a fully flexible feeder can increase the flexibility of the
system at the cost of reducing the throughput. An assembly kitting problem was therefore addressed
in different ways for low quantity components and high quantity components, studying the two
different subsystems that compose a hybrid flexible assembly system. To optimize the re-configurable
feeders, which supply the high quantity components, the opening sequence of a system composed
by several hoppers was analyzed. We propose a solution which replaces the weighing device with
a vision inspection system, showing its impact on the productivity of the line. A model coded
into a Matlab script was developed to perform the optimization of the system and understand its
behavior. Furthermore a fully flexible assembly system was developed in the laboratory in order to
test the kitting of the low quantity components with the proposed subsystem. Finally the Overall
Equipment Effectiveness of the line was calculated to evaluate the possible improvements obtained
by the proposed solution.

Keywords: hopper; optimization; sequencing; kitting; H-FAS

1. Introduction

In order to compete in a global market, nowadays companies need to offer a wide range of different
products. The production technology most sensitive to this evolution is assembly, because of its position
at the end of production processes, where the whole product variety is present. As a consequence,
companies try to use adaptive flexible assembly systems [1]. As reported by Barbazza et al. [2],
the basic requirements for the winning design and management of a flexible assembly system concern
the optimization of:

• unit direct production cost (�/part), that is, the ratio of the hourly costs of the workcell and the
average throughput;

• mix flexibility, that is, the ability to handle a wide variety of part types (components), and manage
a wide mix of components and products;

• volume flexibility, that is, the ability to change the productivity of the system without reducing
the efficiency of the system.

The basic assembly production strategies are traditionally classified as manual assembly systems,
flexible (automated) assembly systems, and dedicated (automated) assembly systems [3]. According to
Heilala and Voho [4], the transition from a dedicated to a flexible automated assembly system and
then to a manual assembly system is due to the increase in the requirements of flexibility and number
of variants. On the other hand, pure manual assembly has different drawbacks. The accuracy of the
tasks performed and the activity repeatability need improvements. Ergonomic problems, as well as
occupational injuries, could occur [5]. At last absenteeism can create production lack and low efficiency,
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especially in the case of balanced assembly lines [6]; for these reasons a pure manual assembly
system cannot be very competitive, especially in countries with high labor cost levels. As affirmed by
Edmondson and Redford [7], the driving factor behind the definition of a suitable assembly system
configuration is, first of all, economy. Automation is usually a way to lower the costs of labor in
Western countries and the key issue is to achieve and optimize flexibility and a suitable degree of
automation in a fast changing market situation [8]. Therefore, in the last decades, a subset of flexible
automated assembly systems have been developed with the aim of increasing flexibility and decreasing
production costs if compared with the traditional manual and automated assembly systems.

The traditional flexible assembly system (FAS) is typically composed of one programmable
manipulator, which picks the parts from predefined positions, places them on the assembly station
and perform the assembly task and one or more re-configurable feeding devices, typically vibratory
bowl feeders, for each component needed to complete the production process. An evolution of the
concept of the flexible assembly systems is presented in Reference [9], fully FAS (F-FAS). The F-FAS
is a single-station robotized assembly system, able to perform mixed model assembly, where the
unique feeding device is a fully flexible feeder, ensuring a higher level of flexibility than the traditional
automated FAS. The feeder system, since it is composed by a bulk, a vibratory plane and a camera,
can feed several different components without the need for reconfiguration. As far as this solution
presents high levels of flexibility, it has a lower throughput than a traditional FAS, since image
processing for shape recognition is time consuming and the feeding process is stochastic.

In order to bridge the gap between the presented solutions, the hybrid FAS (H-FAS) has been
developed [10]. The H-FAS consists of one programmable manipulator, one flexible feeder and
one or more re-configurable feeder devices like the vibratory bowl feeder. Lowering the number
of parts deployed by the fully flexible feeder leads to a reduction in the complexity of the system,
thus increasing the throughput. It should be noted that the H-FAS is able to reach performances,
in terms of unit direct production costs, mix flexibility and volume flexibility, higher than those of the
other systems presented. The advantages of using this type of solution can be noticed when the feeding
process is optimized for the different components, as a function of the characteristics of each one.

The proposed work arises from a case study, which aims to improve the efficiency of an assembly
kitting line. The assembly kitting process is widely used for different purposes, for example, sales kits
or production kit. A typical application of the studied assembly kitting line is the production of sales
kits of connectors, such as screws and bolts, ready to use in the product assembly process.

Such a process is performed by means of a traditional FAS. The production line taken as a reference
is indeed composed by 8 bowl feeders, which through a conveyor belt and three hoppers delivers the
components onto the inferior belt, which moves towards the packing machine. The line is depicted in
Figure 1.

A literature review analysis has led to a limited number of studies on increasing the efficiency of
an assembly kitting line. Bevilacqua et al., in Reference [11], present a case study in the pharmaceutical
industry, where they applied new procedures based on the lean production approach; moreover,
they evaluated the increase in efficiency based on the Overall Efficiency Equipment (OEE, [12]) value,
an approach suitable also for our study. In Reference [13] the authors described the design process
for an automated assembly line; it should be noted that the authors have carried out a redesign of the
deployed components, a solution which could not be applied in our case study.

In order to increase the efficiency in our case study, we observed that the deployment of low
quantity components by means of the bowl feeders leads to high inefficiency, due to the time required
for retooling and for the feeding rate unbalance between the components. For such reasons this paper
investigates the possibility of applying an H-FAS model on the considered process, since we believe
that for its characteristics it is more suitable than traditional ones. The aim of this work is therefore
to propose an alternative solution to the kitting line layout taken as reference from the case study.
The study will be divided into two problems: the first will consider the feeding of the low quantity
components and will be solved with the development of a flexible robotic workcell, the second will

128



Robotics 2019, 8, 70

deal with the feeding of the high quantity components and will lead to the improvement of the original
feeding system.

PACKAGING 
MACHINE

Figure 1. Line layout.

With regard to the feeding system, a focus on the hoppers cascade system was considered
advantageous in the proposed case study. No one, to the authors’ knowledge, has studied the impact
of a specific configuration of a hoppers cascade system and its parameters (e.g., opening/closing time,
output feed-rate, etc.) on its performance. Similar studies [14] have focused on continuous processing
with the need for control flow rates of materials and whose models were not suitable for the presented
case study.

The aim of the study will therefore be:

• reconfiguration of a kitting line with H-FAS systems, applied to kitting without special
assembly requirements;

• modeling of the hoppers of the bowl feeders of the H-FAS system;
• demonstration of the improvement in line performance by removing some of the

traditional feeders;

The novelty of the presented work, besides suggesting two different improvements for
an assembly kitting line, is the study of the behavior of a hoppers cascade system based on its
configuration. In this way we can estimate the throughput of a feeding system and evaluate more
convenient configurations. Moreover the proposed solution was applied in a case study, validating the
proposed results. The presented work is organized as follows: Section 2 presents the systems used to
improve the current assembly kitting line, divided in Section 2.1 for the robotics F-FAS and Section 2.2
for the hoppers cascade system. Section 4 shows the impact of the proposed solutions and Section 3
presents results provided by the application of the model to the case study. Lastly, Section 5 concludes
the work.
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2. Materials and Methods

This section describes the systems used to address the low and the high quantity component
feeding problem. To solve the former a flexible robotic workcell was developed and experimental
tests were performed to find the mean time for a pick and place operation. This is described in
detail in Section 2.1. To solve the high quantity components, three configurations were modeled and
by mean of simulations was evaluated the impact of some parameters on the system performance.
The system analyzed is described in Section 2.2 and the sensitivity analysis of the model is presented
in Section 2.2.1. The simulation is treated in particular in Section 2.2.2 and the vision inspection system
in Section 2.2.3.

2.1. Flexible Robotic Workcell

An experimental setup is needed to evaluate the effectiveness of the usage of the adopted devices,
such as flexible feeders and vertical packaging machines. A F-FAS prototype was therefore developed
at the Industrial Robotics Laboratories of the University of Padua, where a robot carried out a pick and
place job. The tested workcell is composed of the following devices, as represented in Figure 2:

• the manipulator, an Adept Viper 650 anthropomorphic arm with a 650 mm reach; the device is
equipped with a Schunk MPG 25 pneumatic gripper with two parallel jaws.

• The controller Adept CX controller supported by PC-based applications for image processing
(Halcon) and work cycle scheduling (Matlab); the two subsystems communicate through
a TCP-IP connection.

• The feeding system, a Flex Factory Anyfeed SX240; this commercial flexible feeder presents
a back-lighted vibratory plane where the parts from the vibratory bulk are distributed through
controlled shakes.

• The vision system, consisting of ab AVT Pike F-505 monochrome 2452 × 2054 FireWire 5 Megapixel
camera; the focal axis of the camera is orthogonal to the working plane and with a 35 mm focal
length lens.

Figure 2. Prototype workcell used during the tests.

The robot picks parts of four different shapes, as represented in Figure 3, from the flexible feeder;
the picking area, represented by the 170 × 220 mm area enclosed within a black boundary in Figure 2,
was designed in order to be the largest area where the robot could reach any point. The center
of symmetry of the area is therefore placed with X, Y, Z coordinates from the robot base equal to
respectively 400 mm, 365 mm, 18 mm.
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Figure 3. Parts picked by the robot in the experimental workcell.

The parts on the vibratory plane are identified by the shape matching method provided by
the Halcon software [15]. The method allows the identification of an object from the image by
recognizing the gray-scale level of the reference photo, with the score parameter, which is set equal to
0.7, representing how faithful is the image to the recognized part. The software is also provided of
a function that identifies the pickup location on the part which differs for each shape and it is defined
in order to avoid to lose grip.

After the image processing was carried out, the system initiates the pick and place job, which
consists of the following tasks:

• the robot moves from a starting position to the one of the requested part;
• after picking the part, the manipulator places it in a box, put at the starting point home;
• when all the parts corresponding to the first model are picked, the robot picks the parts

corresponding to the following one;
• if the robot cannot reach any part on the vibratory plane, the feeder shakes it and, if there is not

a sufficient number of distributed parts, it supplies more.

The placing position is defined as home, since it corresponds to the first position undertaken by
the robot in order to not obstruct the sight of the camera. This position is set at the same height of
viapoint, defined at 100 mm from the edge of the feeder: this was defined not only to avoid potential
collision between the gripper and the feeder, but also to lower the cycle time by optimizing the robot
trajectory. The other parameters that characterize the robot movement were defined in the Matlab
script as shown in Table 1.

Table 1. Value for the motion parameter used in the test.

Parameter Value (Unit)

Speed 100 (%)
Speedappro/depart 50 (%)

Happro/depart 15 (mm)
offset from feeder 1.5 (mm)
Viapoint (x, y, z) 420, 214, 140 mm
Viapoint (α, β, γ) 0◦ 180◦ 0◦

home (x, y, z) 460, −102, 140 mm
home (α, β, γ) 0◦ 180◦ 0◦

It should be noted that these parameters could be set in the controller of the robot in an easier way,
however in order to increase the flexibility of the system without the code becoming more complex,
it was preferable to send them via the TCP-IP connection.

Since the joint 6 was sweeping a wide angle in a short linear movement, thus increasing the cycle
time, its rotation at the viapoint was set equal to 60% of the rotation at the picking point. Moreover,
since the parts could be reached with two different rotations due to the symmetry of the gripper,
the value of the joint 6 at the picking point has been chosen as the nearest to zero; these solutions
resulted in a decrease of the cycle time of about 10.6%. The experimental picking time has been
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evaluated by means of a 103 test, as shown in Figure 4; each time interval was measured by Matlab
since the instant the coordinates are sent to the controller to the one when the controller has notified
Matlab that the robot has returned to the home position. The medium value results equal to 1.41 s;
an analysis of the distribution of the measured data, Figure 5, showed an interval of estimation equal
to ±0.12 s (95%).
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Figure 4. Measured time for each picking during the experimental test.

Figure 5. Frequencies histogram for the measured time.

2.2. Hoppers Sequence Model

The system considered is generally composed of an input belt, a suitable sequence of hoppers and
an output belt. In this paper, we just focus on these devices, assuming that the system is fed by a bowl
feeder with limited capability that delivers the kits to a packing machine. The maximum throughput
of the feeder is set to 199.8 pieces/min, measured from the case study line. The motion of the pieces
between a device and the subsequent is assumed to be a free falling motion, and is assumed that the
discharging feed rate is infinite, that is, the pieces move together as a bulk from one hopper to its
successor. The falling time can be so calculated as:

Tc =

√
2 · h

g
(1)

where h is the distance between two devices, here set to 200 mm and g the gravity acceleration,
assumed 9.81 m/s2. We assumed that the pieces are delivered evenly spaced of a distance d by the
superior belt with speed vbelt , so that the time delay between two subsequent pieces falls is:

Td =
d

vbelt
(2)

The time between the opening command and the following idle state of a hopper is calculated
assuming that the hopper can close after a percentage p of the space between the hoppers has been
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covered by the falling components. The percentage here is set equal to 20%, for a value of d = 200 mm,
means a distance of 40 mm. Substituting this value into Equation (1), the time between the open
command and the successive idle state is evaluated as:

T = ·Ta +
√

p · Tc (3)

In order to find the filling time of the first hopper we use the values calculated with
Equations (1) and (2):

Tf = n · Td + Tc (4)

where n is the number of components per kit delivered by the subline.
The values which could not be evaluated were obtained from the state of the art. Table 2 shows

the values for the parameters used in the tests, where Tw is the weighing time and Tmov is the time
required to the inferior belt to shift of one position to another.

Table 2. Variable values taken into account for the simulation.

Parameter Value (s)

Ta 0.15–0.25–0.32
Tc 0.202

Tmov 0.3–0.6
Tw 0.8

Configuration 3–2–2x2

Three configurations reported in Figure 6, were considered to perform the study of the hoppers
opening sequence:

• The first configuration is composed of three hoppers. The first is the pool hopper, the second is
a weighing hopper to perform the quality inspection and the third is a boost/memory hopper.
This layout will be referred as the 3 configuration. It is depicted in Figure 6a.

• The second configuration is composed of two hoppers. A pool hopper and a boost/memory one.
The quality inspection is performed by a camera set upon the superior belt. This layout will be
referred as the 2 configuration. It is depicted in Figure 6b.

• The third configuration is composed of two columns with two hoppers each and a selector
between the superior belt and the hoppers. The quality inspection is performed by a camera set
upon the superior belt. This layout will be referred as the 2x2 configuration and is depicted in
Figure 6c.

The proposed case study inspired the 3 configuration, which is assumed to be the starting point
of the study. In this configuration, the weighing hopper is needed to perform the quality inspection,
verifying if the correct number of pieces has been delivered by the superior belt, in order to avoid
defective kits in output. Such weighing device is equipped with a load cell used to estimate the
weight, which provides a raw electrical signal. The main constraint in achieving high accuracy
is a superimposed noise, which is eliminated thanks to a filter. However a trade-off between the
measurement time and a high precision estimation has to be accepted. Thus the weighing time needed
to obtain a stable measurement tends to become the bottleneck of the system, preventing it from
reaching high efficiency and saturating the input devices. The 2 configuration addresses the problem
eliminating the weighing device and replacing it with a vision system, capable of performing in its
place the quality inspection. This solution is depicted in Figure 6b, and since it does not contemplate
the use of a weighing device, it is not affected by the aforementioned trade-off, allowing to perform
a 100% quality control ignoring the weighing time and to discard single components instead of a full
batch recognized as defective by the weighing device at the end of the sequence.
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(a) Layout 3 (b) Layout 2 (c) Layout 2x2

Figure 6. Layouts considered.

The throughput increase in the simulation was relevant, but the input feeder could not be
saturated. Therefore we developed the 2x2 configuration depicted in Figure 6c, which is capable of
saturating the input feeder, thanks to a higher throughput.

In order to find the throughput of the system, the bottleneck of each configuration was analyzed
and its takt time described with equations. In the 2 configuration the bottleneck is the first hopper,
whose takt time is:

TaktTime = Ta + (1 +
√

p) · Tc + n · Td (5)

In the 3 configuration the bottleneck is the weighing hopper and a superior limit is set by the takt
time of the 2 configuration:

TaktTime = max

{
Ta + (1 +

√
p) · Tc + n · Td

Ta + Tw + (1 +
√

p) · Tc
(6)

In the 2x2 configuration the bottleneck is the first hopper, which is filled by the belt:

TaktTime = n · Td + Tc (7)

A superior limit for all the configurations is set by the inferior belt whose minimum takt time is:

TaktTime = Tc + Tmov (8)

From these equation is possible to calculate the throughput of the system for each configurations
with different parameters with the following equation:

Q =
1

TaktTime
(9)

Figure 7a shows the throughput for different number of parts and for each studied configuration
using parameters in Figure 7. As expected, increasing the number of parts for each kit decreases the
throughput, since n · Td increases. It should be noted that the 2x2 configuration results in the maximum
throughput compared to the others.
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Figure 7. Modeled throughput of the configurations.

2.2.1. Sensitivity Analysis

A sensitivity analysis was carried out in order to observe the sensitivity of the presented model to
different values for the considered parameters. Since Ta, Tc, Td and Tw were obtained from the state of
the art, we believe that they represent a source of uncertainty; therefore, we tested the system behavior
for different values of the aforementioned parameters. Following Equations (5)–(7), a test was run by
changing the values as represented in Table 3, following an One-at-a-time approach.

Table 3. Values considered for the parameter of the sensitivity analysis.

Parameter Value (s)

Ta 0.10–0.30–0.40
Tc 0.14–0.20–0.24
Td 0.20–0.30–0.40
Tw 0.50–0.80–1.00

The plots in Figure 8 are obtained by evaluating the takt time with the aforementioned model for
the different values.
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(b) Sensitivity analysis for Tc

Figure 8. Cont.
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Figure 8. Results of the sensitivity analysis for the parameters Ta, Tc, Td, Tw.

2.2.2. Simulation

A simulation of the configurations was performed with a finite state machine, which uploads
the states of the different devices over time. Since the simulation is affected by transient and/or
random effects, considered as random variations on the parameters, it could be used as a reference
for the proposed model; moreover, it provides for further data, such as the task scheduling and
the availability of the feeders. Each device is linked to its predecessor and its successor with the
relationships illustrated in Figure 9, which describes the transition between states. The superior belt
is the input device of the system and switches just between two states, ready and filling, with a logic
described in Figure 9a. It interacts only with the first hopper, so its state depends only on the state of
this device. The generic hopper switches between many states, filling, idle, weighing, ready, closing and
opening. The non weighing hopper presents the same graph without the state weighing. The generic
hopper can be related to one other hopper or a belt, referred as predecessor if it is in a previous position
on the feeding chain or successor if it is in a next position on the feeding chain. Its graph is depicted in
Figure 9c. The inferior belt, that is, the output device of the system, can switch between the states filling,
moving and idle. The moving state is due to the need of simulate the time required from the output belt
of the case study line to switch between two subsequent position. The states are described in detail in
Table 4. Each transition is due to the change of state of an adjacent device or for the expiration of the
time needed for a specific action (e.g., the opening and closing movement of a hopper).

The transition logic just described was implemented into a Matlab script in order to perform
time varying simulations of the system. To reflect the effect of the uncertainties on the process
in a real environment we introduced some random variation of the parameters of the simulation.
A random variation in the interval [−0.1 s, +0.1 s] was added to Tw to simulate the dynamic effect of
the components falling on the weighing hopper and a Gaussian distribution (μ = 100 mm; σ = 15 mm
) of the components spacing on the input belt was assumed to simulate some variability in the bowl
feeder feeding rate.

Table 4. The states implemented for the devices in the simulation.

States Description

Ready The device is ready, but its successor not
Idle The device is ready, but its predecessor not
Opening The hopper is opening
Closing The hopper is closing
Filling The hopper or the inferior belt is being filled, or the superior belt is filling
Weighing The weighing hopper is performing the weight measure
Moving The inferior belt is shifting to the next position
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Figure 9. Finite state graphs of the devices.

A further simulation with the same parameters in Figure 7 was performed and the throughput for
the three configurations is shown in Figure 10. The relative error between the model prediction and
the simulated throughput was calculated and presented in Table 5. The values state a good agreement
between the model and the simulation, except for the tendency of overestimate the throughput,
which can be seen from the negative mean error.
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Figure 10. Plot of the throughput found with the simulations.
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Table 5. Relative error (%) between the model prediction and the simulated throughput.

Configuration
n

Mean
1 2 3 4 5

3 −6.04 −3.69 −4.40 −6.51 −5.08 −5.14

2 −3.31 −1.61 0.24 −0.98 1.44 −0.84

2x2 −2.96 −2.28 −2.55 −1.51 −0.48 −1.96

One output of the simulation is the state of any device in every moment, which could be used to
plot the state chart of the devices, like the one reported in Figure 11, plotted for the values Ta = 0.15 s,
Tmov = 0.30 s and n = 5.

4 4.5 5 5.5 6 6.5 7
Time (s)

Sup Belt

Hop 1

Hop 2

Hop 3

Inf Belt

State chart

idle
filling
opening
closing/moving
ready
weighing

Figure 11. An example of state chart of the devices obtained with the simulation.

The availability is the ratio of run time to planned production time. With the data used to plot
such state charts was also possible to evaluate the availability for the devices as:

A = RT
PPT

where A is the availability, RT is the run time, i.e., the time the device did not spend in ready or idle
state, and PPT is the planned production time, i.e., the total time the device is used.

In Figure 12 we can see the results of the simulations performed varying the opening and closing
time of the hoppers to understand their influence on the system. To the left the data calculated with
a Ta = 0.15 s, while to the right the data related to Ta = 0.32 s. The resulting plot shows that the
opening time of the hoppers slightly affects the performance of the system, which decreases with low
kit size, due to the increasing frequency of opening/closing operations. The worsening interests mainly
the 3 and 2 configurations, but not change substantially the comparison between the configurations,
therefore from now on we will refer indistinctly to the plot to the left or to the right column in Figure 12.
The plot Figure 12b shows that the A of the superior belt for the 2x2 configuration (yellow solid line) is
1 for any kit size considered. It should be noted that only the 2x2 configuration is able to reach this
value, which mean the saturation of the superior belt. For a kit size equal to 1 the inferior belt is close
to saturation. From the plot in Figure 12d we can see that the kit throughput of the 2x2 configuration
rises with the decrease of the kit size. Figure 12f is the product of the kit throughput, that is, the plot in
Figure 12d, and the kit size.

The A of the superior belt for the 2 configuration, as can be seen in plot Figure 12b, starts
from values near to 0.82 and drops for decreasing kit size. From the plot Figure 12d is clear that its
performance is worse than the 2x2 configuration but outperforms the 3 configuration for a low kit
size (1 and 2). Finally the A of the superior belt for the 3 configuration, as can be seen from the plot
Figure 12b, is similar to the one of the 2 configuration, but for decreasing kit size it shows a heavier
drop. From the plot Figure 12d is clear that for a kit size lower or equal than 2 the throughput of the
system is stable, due to the saturation of the weighing feeder. This means a reduction of component

138



Robotics 2019, 8, 70

throughput, as can be seen from plot Figure 12f. It is to be noticed that all the plots in Figure 12 are of
minor importance for small kit sizes, due to the assumption made in the introduction that the feeding
of low quantity components is addressed with the development of a flexible robotic workcell.
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(f) pieces/min, Ta = 0.32 s

Figure 12. Throughput and availability of the system varying the opening and closing time of
the hoppers.

Figure 13 depicts the behavior of the system for different Tmov. The left column of plots is defined
for Tmov = 0.30 s, while the right column is defined for Tmov = 0.60 s, the last taken from the case
study line. From Figure 13b it is clear that the 2x2 configuration is strongly affected by a slower belt
and its A drops for a kit size smaller than one. The dashed yellow line shows that for that kit size the
inferior belt starts to be saturated and cannot accept higher throughput, causing a decrease in the A of
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the previous devices. It is noticeable that the 3 and the 2 configuration in the two cases are almost not
affected by the time required by the inferior belt to perform a shift, as we can see from the comparison
between Figure 13c,d.
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(f) pieces/min, Tmov = 0.60 s

Figure 13. Throughput and availability of the system varying the time required to the inferior belt to
shift to one position to another.

It is important to notice that the 2x2 configuration would be capable of feed two inferior belts
as depicted in Figure 1, so that the Tmov would be approximately half compared to the other two
configurations. The comparison between the configurations would make the 2x2 configurations even
more valuable.
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2.2.3. Vision Inspection System

In the Industrial Robotics Laboratories at the University of Padua a prototype of the vision quality
inspection system placed onto the superior belt was developed. The system is composed by a AVT Pike
F032-b camera, triggered by a Sick DRS61 incremental encoder. The belt’s width is 400 mm, its speed is
set equal to 200 mm/s. The pieces are put on the conveyor belt and they run on the backlighted area,
while the camera acquires images, as illustrated in Figure 14c.

The matrix Pike camera is used as a quasi-linear camera, acquiring 6 lines at a time. It is
synchronized with the belt thanks to the encoder. The acquisition is performed by a C++ algorithm
which stores one hundred acquisition into a buffer and then send all the content of the buffer to Matlab,
where is performed the image elaboration and then controlled the air blow to discard defective pieces.

The image processing consists in a sum of the pixel intensity value performed by row, obtaining
the profile illustrated in Figure 14b. A check on the length of the piece was used to detect defects,
but further works could lead to the development of more sophisticated methods, thanks to the clear
profile of the objects obtained with this setup.

It is really important to notice that with the introduction of a vision inspection system that is
able to discard the wrong or defective pieces, the retooling also becomes easier. In fact, bowl feeders
require an amount of pieces higher than the actual production lot to be handled, in order to guarantee
a uniform output flow [16]. This leads to high retooling time, due to the need to empty the feeder of
the previous lots, before filling it with the new components. The vision inspection system could lead,
together with the adoption of a flexible feeder, to a dynamic lot change, removing the need to empty
the feeder and letting the vision inspection system discard the previous components.
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image processing.
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(c) Experimental setup.

Figure 14. Vision system experiment.

3. Case Study

To demonstrate the effectiveness of the proposed solutions, these were applied to the considered
case study, with a specific focus on the hoppers cascade system model. The actual system, as described
in Section 2.2 as system 3 and represented in Figure 15, is composed of three hoppers of which the
middle one performs the weighing. The predictions of the proposed model were compared to the
current solution, validating the expected results with the real data. Moreover the possible throughput
improvements adopting the 2 and 2x2 configurations were evaluated. Table 6 shows the parameters
used in the model.
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The feeders of the considered assembly kitting line feed the same number of components and n
will be equal to 2 or 4. The comparison will then involve two values for each considered configurations,
reported in Table 7.

The throughput obtained for the 3 configuration from the model, corresponding to the first row
of Table 7, can be compared with that measured from the case study, which is equal to 22.05 kit/min

and to 32.56 kit/min, respectively for n equal to 2 and 4. The resulting error for the 3 configuration is
therefore equal to 6.07% and 1.62%. We believe therefore that it is possible to affirm that the model is
validated by the case study; moreover it is clear how the 2x2 solution is the most convenient one in
terms of throughput, showing an increment in productivity of about 49.6%, which potentially could
lead to the removal of two bowl feeders.

Figure 15. Case study hoppers cascade system. In this application the system is composed of three
hoppers and a weighing device in the middle one.

Table 6. Values of the parameters for the case study.

Parameter Value (s)

Ta 0.36
Tc 0.28
Td 0.45
Tw 1.0

Tmov 0.6
n 2–4

Table 7. Throughput obtained from the model for the parameters taken from the case study.

Configuration
Throughput (kit/min)

n = 2 n=4

3 23.39 33.99
2 23.39 36.03

2x2 28.85 50.85

4. Results Discussion

Since the model has been verified, the impact on the efficiency of the assembly kitting line can
be evaluated. The introduction of the flexible feeder device allows to remove two bowl feeders
in the case study considered, the ones designated to supply the parts with low quantity for kit.
Moreover, the model of the hoppers of the rigid feeders, as stated by the analysis of the case study,
allowed to remove two more, therefore the resulting H-FAS is composed by:

142



Robotics 2019, 8, 70

• four rigid feeders with hoppers devised to supply the high volume components as
described before;

• one fully flexible feeder to supply low volume components;
• one manipulator in charge of picking the part from the flexible feeder.

In order to evaluate the improvements of the proposed solution, the OEE was chosen as a proper
parameter. This is defined as the product of three different values: the availability, that takes into
account any events that stop the planned production, the quality, i.e., the number of parts that does not
match the requirements, and the performance, i.e., the devices speed.

The first parameter considered, the availability D, was evaluated as:

D =
Tbatch

n · Tsetup,i · Tbatch
− 0.05 (10)

where Tbatch (h) is the production time for the single batch, Tsetup,i (min) is the time needed for the setup
of each of the n feeders, such as Tsetup,i times n equals to the total Tsetup. We considered n equal to 8 in
the original case and 4 in the proposed development, since the flexible feeder does not need any setup.
Lastly, the 0.05 value is a corrective constant defined in order to consider potential unexpected stops.
Figure 16 represents the percentage difference of D between the original system and the proposed one
in case of different values of Tbatch and Tsetup.
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Figure 16. Availability increase (%) by changing the number of re-configurable feeders.

For the quality and performance parameter, a different equation was needed. Defined Pd the
probability of defects and Pb the probability of slow cycles for each feeder considered, we could define
the total quality parameter Q and the total performance parameter P as

Q = 1 − PD (11)

P = 1 − PB (12)

where PD and PB are evaluated as stated by the law of total probability [17] applied for n equal to 8
and 4 feeders:

PD = Pd · n + Pn
d − (

n−1

∑
k=2

(−1)k
(

n
k

)
· Pk

d ) (13)

PB = Pb · n + Pn
b − (

n−1

∑
k=2

(−1)k
(

n
k

)
· Pk

b ) (14)
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The range value used for Pd is restrained between 0.05% and 0.5%, while the values of Pb are
evaluated as 0.7 times Pd, based on the data from the case study. Figure 17 represents the difference
of the product of Q and P evaluated for n equal to 8 and 4 in the case of different values of Pd and Pb
defined from the examined case study in the considered range.

It is possible to notice a significant increment in the OEE and therefore in the throughput, especially
in the availability parameter, which could reach an increase of over 40%. This proves the starting
hypothesis that the proposed reconfiguration of the feeding system in the case study kitting assembly
process could improve the throughput.
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Figure 17. Quality and performance increase (%) by changing the number of re-configurable feeders.

5. Conclusions

We presented a solution in order to increase the efficiency of an assembly kitting line based on
an H-FAS system. Firstly, we noticed that a low quantity of components could be supplied by a fully
flexible feeder, thus reducing further the number of vibratory feeders. An F-FAS subsystem was
studied in the laboratory in order to test the performance of the system in a kitting assembly line.

With regards to the high quantity components, the current bowl feeders could be preserved,
re-configuring only the hoppers cascade system. Several studies have been proposed in this field of
research; however, they are focused on the material characteristics and not on the the system itself;
thus, our work suggested an innovative solution based on several reconfigurations of the feeding
system. A mathematical model has been developed and its robustness was verified by means of
a sensitivity analysis; moreover, we developed a simulation to evaluate the accuracy of the proposed
model, since the simulation is a finite state machine which performs by uploading the states of the
different devices.

We noticed that, for a certain range of opening time, the throughput is not so much influenced;
we believe that rising the speed of the lower belt could present further improvements for the alternative
configurations developed from 3. The requested weighing device can be replaced with the adoption
of a vision system, similar to the one suggested in this work. This was tested in the laboratory and
showed an initial but effective solution for quality inspection.

Lastly, we evaluated the increased throughput of the system by calculating the percentage
increase in the OEE for the original and the proposed configuration. While the increase in quality
and performance could be considered not so interesting (at maximum an increase of about 3%),
the availability could reach an increase of over 40%.

Future research aims to develop the vision system in order to be more effective by studying
different methods for image processing and data processing in order to recognize further defects.
Moreover, the hoppers could present other configurations that were not considered in the current
study. Finally, in future works the presented model will be tested in further case studies.
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Abstract: In robotic processes, the compliance of the robot arm plays a very important role. In some
conditions, for example, in robotic assembly, robot arm compliance can compensate for small position
and orientation errors of the end-effector. In other processes, like machining, robot compliance may
generate chatter vibrations with an impairment in the quality of the machined surface. In industrial
robots, the compliance of the end-effector is chiefly due to joint compliances. In this paper, joint
compliances of a serial six-joint industrial robot are identified with a novel modal method making
use of specific modes of vibration dominated by the compliance of only one joint. Then, in order to
represent the effect of the identified compliances on robot performance in an intuitive and geometric
way, a novel kinematic method based on the concept of “Mozzi axis” of the end-effector is presented
and discussed.

Keywords: robot; compliance; machining; modal testing; Mozzi axis

1. Introduction

The compliance properties of industrial robots are very important for many industrial applications,
such as automatic robotic assembly and material removal processes (e.g., machining and deburring).
On the one hand, in robotic assembly, joint compliance can be useful for compensating dimensional
errors in the parts to be assembled; on the other hand, in material removal processes, a low Cartesian
compliance (high stiffness) of the end-effector is required. Indeed, still very few robots have been
applied in this economically important application area [1] mainly due to their low stiffness. Moreover,
the compliance properties of robots appear very important in emerging fields such as flexible assembly
systems [2,3] and collaborative robotics [4].

From a static point of view, low stiffness causes imprecise products, due to the robot deflections
during the robotic task. From a dynamic point of view, low frequency chatter vibrations [5–7] can be
induced when low-stiffness robots are used, with an impairment in the quality of the machined surface.
Moreover, induced vibrations cause a reduction of tool life and can damage robot joint transmission.

In particular, the low joint stiffness of the robot is one of the main issues in using robotic machining
instead of CNC machining. Indeed, it is well established in the literature (see, for example, [8]) that
the dominant contribution factor for a large displacement of the robot end-effector is joint compliance
(mainly due to gear transmission elasticity), while link flexibility can be neglected. Moreover,
the stiffness of an industrial robot is usually on the level of 106 N/m (with a base natural frequency of
robot around 10 Hz), while a standard CNC machine has stiffness on the level of 108 N/m (with a base
natural frequency of several hundred Hz or even more than 1000 Hz) [5]. Sometimes, combinations of
serial and parallel kinematic chains have been proposed to increase robot stiffness [9].
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The static force/torque-deformation experiments and identification are widely used to obtain the
joint stiffness of industrial robots with good accuracy [10]. During the static experiments, a set of
forces/torques is applied to the robot end-effector (or to a single joint) in different robot configurations,
while the displacement sensors (e.g., vision system, CMM, or laser sensors) measure the steady-state
deformation of the end-effector. Therefore, the Cartesian stiffness of the robot can be calculated.
Then, through the analytical relation between the joint and Cartesian stiffness based on the kinematic
model of robot, many types of identification methods (e.g., least squares or genetic algorithms) can be
employed to obtain the joint stiffness. Most of the works in the literature (e.g., see [8,11–14]) neglect
link flexibility and identify the joints’ rotational stiffness (modeled with linear rotational springs) using
this method. In [15], the robotic arm is modeled considering rigid links and three lumped rotational
springs for each joint to take into account joint compliance, bearings compliance, and link deflections,
which are all identified with the above method. In [16], an analysis approach in which both joint and
link stiffness are considered is presented.

It is worth mentioning that in [13], the identified joint stiffnesses are then used in an analytical
model, in which natural frequencies and mode shapes are validated through modal testing experiments.
In particular, a good match is demonstrated between the first two experimental natural frequencies
and related mode shapes and the corresponding ones predicted by the analytical model.

In [17], experimental modal analysis is used to identify the joint and base stiffness of an industrial
robot represented with a four-degrees-of-freedom (four-DOF) planar model.

In robotic processes, the directions along which the robot arm is compliant are very important.
The stiffness matrix in the joint space does not directly give this information; moreover, for a serial robot,
the stiffness matrix in the Cartesian space is not diagonal and it is configuration-dependent. This means
that the force and deformation in the Cartesian space are coupled (e.g., a force applied in one direction
will cause a deformation in all possible directions) and this can generate some counter-intuitive results.
Moreover, due to the difference in compliance in different directions, machining accuracy can be
different in different directions.

Since the end-effector of the robot, which is grasping a tool or an object, can be considered a rigid
body mounted on the compliant robot, the basic ideas of the screw theory [18] can be adopted to
describe its motion.

In this paper, first, a novel method for the identification of robot stiffness is presented (Section 2).
It is based on the selective excitation of modes of vibration that chiefly involve only one joint. Since in
this specific case modal stiffness coincides with joint stiffness, the latter can be identified from the
measured natural frequency and the calculated value of moment of inertia. A serial six-DOF robot
is considered (Omron Adept Viper s650), since it is representative of industrial robots used for a
wide range of operations. Then, a new method for representing linear and rotational compliance
using the concept of screw or Mozzi axis is presented (Section 3). The proposed method is a useful
tool to understand how the robot deforms with respect to the working surface, and to highlight the
joints that give the largest contribution to robot compliance in specific configurations. Furthermore,
robot configurations that place the Mozzi axis in the most favorable position with respect to the
working surface can be found. Finally, the compliance properties of the tested robot are analyzed with
the proposed method in different robot configurations (Section 4), and conclusions are drawn.

2. Identification

2.1. Testing Equipment and Method

Stiffness (or compliance) properties of robot joints are usually measured by means of static
tests [13] carrying out measurements in the Cartesian space. Then, a mathematical model is used to
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correlate force vector {F} and deformation vector {Δx} in Cartesian space with the stiffness matrix
[
Kq
]

in the joint space.
[
Kq
]

is diagonal and the following equation holds [8]:

{Δx} = [J(q)]
[
Kq
]−1

[J(q)]T{F} (1)

where [J(q)] is the Jacobian matrix that depends on robot configuration. Matrix
[
Kq
]

can be obtained
from Equation (1) by least-square method considering some different configurations of the robot [8,13].

In this paper, a different approach based on modal testing is adopted. The basic idea is to excite
modes of vibration dominated by the compliance of one joint and to identify stiffness (or compliance)
from the measured modal frequency and the moment of inertia about the joint axis. The moment of
inertia is calculated by means of the CAD (Computer Aided Design) model of the robot.

The equipment needed to carry out this kind of test is rather simple and cheap; it includes a
hammer for modal testing, an accelerometer, and a data acquisition board. In the framework of
this research, a PCB 086C01 hammer (with load cell sensitivity 0.2549 mV/N), a PCB 356A17 triaxial
accelerometer (sensitivity 50.5 mV/(m/s2)) built by PCB Piezotronics, Inc., Depew, NY, USA, and a
NI9234 data acquisition board were used built by National Instruments, Austin, TX, USA. After some
preliminary tests, a sampling frequency of 1024 Hz and 2048 samples were selected. Measured signals
were analyzed by means of ModalVIEW R2, a specific software for modal analysis.

Since motions of the base of the robot may have a negative effect on the quality of measurements,
the robot was rigidly fastened to a large steel base (see Figure 1) and an accelerometer was used to
monitor residual base motions.

 

Joint 1 

Joint 2 

Joint 3 

Figure 1. The robot in the testing rig.

When a serial six-joint robot is loaded by a force applied on the end-effector, on the one hand,
this force produces the largest moments about the first joints, and on the other hand, the rotations
of the first joints due to compliance have the largest effect on end-effector positioning errors, due to
the large lever arms [19]. For these reasons, the present research is limited to the identification of the
compliance properties of the first three joints of the robot. The last three joints are considered ideal
revolute joints that contribute to define the pose of the end-effector, but are infinitely stiff. In the future,
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the method will be used to identify the compliance of all the joints, if the compliance of the wrist joints
will appear relevant in some configurations.

Since in actual working conditions the joints of the robot are held in the desired configuration by
the servomotors, the tests were carried out with the servomotors switched on. The identified stiffnesses
are the result of the mechanical stiffness of the transmission plus the stiffness of the servo.

In order to identify the stiffnesses of the first three joints of the robot, three specific test conditions
were defined (see Table 1). The first condition, which is represented in Figure 2, aimed to highlight
the stiffness of the first joint. For this reason, the end-effector flange was excited by a lateral force
(y direction) and joint rotations were set in order to achieve the maximum arm extension. In this
configuration, the first mode of vibration should be dominated by the compliance of the first joint.

Figure 2. Test configuration 1 for the identification of the stiffness of joint 1.

Table 1. Robot configurations.

Configuration Joint 1 [◦] Joint 2 [◦] Joint 3 [◦] Joint 4 [◦] Joint 5 [◦] Joint 6 [◦]
Test 1 0 0 90 0 0 0
Test 2 0 0 16.96 0 −16.96 0
Test 3 0 −37.54 176.73 0 49.20 0

Validation 0 30 30 0 0 0

The second test condition (Figure 3) aimed to highlight the stiffness of joint 2. For this reason,
the robot arm was configured with the approach axis of the end-effector pointing upwards and
intersecting the axis of joint 3, and a vertical force was exerted by the hammer. Since in this test
configuration the impact force intersected the axis of joint 3 and was parallel to the axis of joint 1,
the compliances of these joints should not have influenced the fundamental mode of vibration.

 
Figure 3. Test configuration 2 for the identification of the stiffness of joint 2.

Figure 4 shows the third test configuration. In this case, the approach axis of the end-effector
was aligned to the x axis and intersected both the axis of joint 2 and the axis of joint 1. Therefore,
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the fundamental mode of vibration excited by a hammer force in x direction should have been
dominated by the stiffness of joint 3.

 
Figure 4. Test configuration 3 for the identification of the stiffness of joint 3.

The tests were carried out with the modal analysis approach [20], which is widely used in
the fields of automotive engineering [21,22], aerospace engineering [23], automatic machines [24],
and robotics [25]. A grid of measurement points was defined on the robot (see Figure 5); points 10 and
11 were used to monitor base vibrations. In each test configuration, the hammer impact was always
exerted on the end-effector flange in the defined direction, whereas the triaxial accelerometer was moved
to the various grid points (rowing response approach). In this way, for each configuration, 33 frequency
response functions (FRFs) were measured between the 3 acceleration components of the 11 grid points
and the hammer impact force. In order to improve the repeatability and quality of measurements,
each FRF was calculated averaging the results obtained with three hammer blows. Measured data
were then processed with ModalVIEW in order to identify natural frequencies, modal dampings,
and modal shapes.

 
(a) 

 
(b) 

Figure 5. Set of measurement points: (a) side view; (b) top view.

2.2. Experimental Results

Figure 6 shows the overlay of FRFs measured in configuration 1. The modulus plot highlights the
presence of the fundamental mode at about 13 Hz, and the phase plot corroborates this fact, showing
large phase changes at the same frequency.
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Figure 6. FRFs measured in the first test configuration (modulus (a) and phase (b)).

The identification, carried out with the algorithm Quick Fit of ModalVIEW, made it possible to
find a natural frequency of 13.0 Hz, with a viscous damping ratio [26] of 2.3%. The natural frequency
is the main parameter needed to identify the stiffness of the joint, but the shape of the identified mode
is important as well, since it makes possible the verification of the hypothesis that the selected joint
dominates the mode of vibration. The mode of vibration corresponding to the natural frequency of
13.0 Hz is represented in Figure 7; it is dominated by displacements in the x–y plane caused by the
rotation of joint 1, and the contribution of the other joints and of link flexibility to this mode appears
negligible. Therefore, the identified frequency is suited to identify the stiffness of joint 1.

Figure 7. Mode at 13.0 Hz for the identification of joint 1 compliance.
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The small resonance peaks at about 40 and 57 Hz in Figure 6 are related to the excitation of
higher-order modes that also involve the compliance of the other joints of the robot.

The results of the modal tests carried out in order to identify the compliance of joint 2 are
presented in Figures 8 and 9. The overlay of the measured FRFs shows the first peak at about 18 Hz.
Modal analysis made it possible to identify a mode of vibration with natural frequency 17.5 Hz and
viscous damping ratio of 1.9%. The shape of this mode of vibration (Figure 9) is characterized by
displacements dominated by the rotation of joint 2, therefore it is suited to identify the compliance of
this joint.

Figure 8. FRFs measured in the second test configuration (modulus (a) and phase (b)).

Figure 9. Mode at 17.5 Hz for the identification of joint 2 compliance.

The minor resonance peaks at about 32 and 40 Hz are related to the excitation of higher-order
modes that also involve the compliance of the other joints of the robot.
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Finally, Figure 10 shows the FRFs measured in the third configuration, in order to identify the
compliance of joint 3. Two resonance peaks appear. The first is at about 14 Hz and the second, which is
the highest, is at about 33 Hz. Modal analysis results show that the first peak (the minor) corresponds
to a mode dominated by the compliance of joint 2; this mode was excited since the hammer force did
not intersect exactly the axis of joint 2. The mode at 33.5 Hz (with viscous damping ratio of 2.7%) is
dominated by joint 3 compliance and is suited to identify the compliance of this joint (see Figure 11).

It is worth noticing that the damping ratios of the selected modes are similar; this is a good clue
that highlights that these modes chiefly involve the joints, which have similar transmissions and servos
that are characterized by similar dissipation phenomena.

Figure 10. FRFs measured in the third test configuration (modulus (a) and phase (b)).

Figure 11. Mode at 33.5 Hz for the identification of joint 3 compliance.
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A linear vibrating system with N DOF is described by a system of coupled second-order differential
equations in space coordinates. The modal approach transforms the N DOF vibrating system into N
independent 1-DOF vibrating systems [20,27] governed by these equations:

mk
..
ηk + ck

.
ηk + kkηk = Fk(t) k = 1 . . .N (2)

where mk, ck, kk are the modal mass, damping, and stiffness, respectively. ηk is the kth modal coordinate
and Fk(t) is the modal force. The natural frequency is:

ωk =

√
kk
mk

(3)

If robot vibrations are considered, in general, modal stiffness does not coincide with joint stiffness,
because the modes of vibration involve rotation about several joints. However, if a mode i exists that is
dominated by rotation about joint i, the modal stiffness ki is a good approximation of joint stiffness
kqi. Therefore, joint stiffness can be calculated from Equation (3) with k = i. In this case, modal mass
mi coincides with the moment of inertia of the robot about joint i. These moments of inertia were
calculated using the CAD model of the robot.

Since the manufacturer gives the total mass of the robot (28 kg) but does not give information about
mass distribution, the total volume of the robot and of the various links were carefully calculated and
the total mass was distributed to the links proportionally to their volumes. In the future, the calculated
values will be checked with other methods.

The stiffnesses identified with the above-mentioned method are summarized in Table 2; they are
similar for the three joints and in agreement with literature values [13].

Table 2. Identified parameters.

Joint Configuration
Natural

Frequency [Hz]
Moment of

Inertia [kgm2]
Stiffness
[Nm/rad]

Compliance
[rad/(Nm)]

1 Test 1 13.0 1.990 12913 7.74 × 10−5

2 Test 2 17.5 0.809 9738 1.03 × 10−4

3 Test 3 33.5 0.229 10240 9.76 × 10−5

2.3. Validation

In order to assess the validity of the identification method, the stiffness values of Table 2 were
implemented in a dynamic model of the robot and the first natural frequencies of the robot were
calculated in a configuration (validation configuration) different from the configurations used for
identification (see Table 1 and Figure 12).

Then, the robot was modally tested in the validation configuration and the first natural frequencies
were experimentally identified. Hammer excitation was applied on the end-effector along three
orthogonal directions of the end-effector coordinate system. It is worth noticing that the validation
configuration was chosen in order to obtain modes of vibration that involved the compliance of various
joints simultaneously.
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Figure 12. Robot configuration for validation.

The comparison between numerical and experimental values is shown in Table 3. The three
testing conditions (with different directions of excitation) essentially lead to the identification of the
same natural frequencies. These frequencies are rather close to the numerical ones, with a maximum
error of about 3 Hz in the natural frequency of the third mode.

Table 3. Validation tests.

Natural
Frequency

Experimental x
Excitation [Hz]

Experimental y
Excitation [Hz]

Experimental z
Excitation [Hz]

Numerical
[Hz]

1 16.0 16.0 16.0 15.0
2 - 18.0 17.5 16.5
3 37.0 36.5 35.5 39.0

3. Mathematical Model

When a structure (like a robot) has a polygonal open shape with an end locked to a very stiff
structure and an end loaded by a static or dynamic force, the deformation of the loaded end can be
studied considering the motion of a rigid body fixed to the loaded end of the structure. The basic
concepts of rigid body mechanics can be adopted for describing this motion.

Giulio Giuseppe Mozzi del Garbo was an Italian mathematician who published in 1763 the book
“Discorso matematico sopra il rotolamento dei corpi” (Mathematic Discourse on the Roll of Bodies) in
which he stated that a generic differential spatial rigid motion can be considered a helical motion around
a line, which is called the Mozzi axis [27]. In other words, the rigid motion of a body is represented
in every instant by rotation about and translation along the Mozzi axis, which is also known as the
instantaneous screw axis. The direction of the Mozzi axis coincides with the instantaneous direction
of the angular velocity vector. Afterwards, the ideas of Mozzi were developed by Cauchy in 1827,
Poinsot in 1834, Chasles in 1878 [28]. Ball in 1900 developed the modern screw theory introducing
the concepts of twist and wrench [29,30]. A twist is the combination of a screw with a parallel linear
velocity related to the angular velocity by the pitch of the screw; a wrench is a force acting along the
screw combined with a torque related to the force by the pitch of the screw.
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In recent years, the interest in the screw theory increased due to the discovery of possible
applications in the fields of multibody dynamics [31], vehicle dynamics [32–34], vibration control [35],
and robotics. In robotics, the screw theory has been adopted for calculating Jacobians [18],
for decomposing the stiffness matrix [36], and for finding its properties [37,38]: the twist-compliant
axes and the wrench-compliant axes. A twist about a twist-compliant axis produces only a torque
parallel to the rotation axis, whereas a wrench applied on a wrench-compliant axis produces a parallel
linear deformation.

In the framework of this research, the concepts of screw theory will be used for a different purpose:
the representation of the rotation and translation axis of the compliant motion of the end-effector
caused by an external load. This information is very useful when the robot end-effector interacts with
an object and the displacement caused by compliance may assist or counteract the performed operation.
Sometimes the object is characterized by its own compliance, and in the near future, the same concepts
will be adopted to represent the relative rotation and translation between the robot and the object.

In order to accomplish this specific task, the basic concepts of Mozzi or screw axis are sufficient.
In Figure 13, a serial six-joint robot is represented. A fixed system of coordinates with origin Oo and
axes xo yo zo is established. Joint rotations are fixed but compliance is allowed in the first three joints.
Point Q is the center of the wrist. Since wrist joints are infinitely stiff, link 3, the wrist, the end-effector,
and the tool grasped by the end-effector form a unique rigid body, which is used for Mozzi axis analysis.
Point Ot is used for defining the external force on the tool, which causes robot arm deformation. It is
worth noticing that if the compliance of some wrist joint were important, the rigid body would begin
after the last compliant joint.

  

Figure 13. Kinematic model of the tested robot.
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The linear velocity
→
v P of a point P belonging to the rigid body can be calculated using the equation

of rigid body velocity:
→
v P =

→
v Q +

→
ω × →QP (4)

where
→
v Q is the linear velocity of a reference point belonging to the rigid body (wrist center Q),

→
ω is

the angular velocity vector, and
→

QP is the vector from Q to P.
The linear velocity of point P can be expressed as a translation along the Mozzi axis plus a rotation

about the Mozzi axis according to this equation:

→
v P = k

→
ω+

→
ω × →

MP (5)

where k is a scalar and M is a point on the Mozzi axis. If the two expressions of
→
v P are equated, the

following result holds:
→
v Q +

→
ω × →

QM = k
→
ω (6)

Velocity
→
v Q in general has a component (

→
v Q‖) parallel to

→
ω and a component (

→
v Q⊥) perpendicular

to
→
ω, whereas the vector product is always perpendicular to

→
ω. Hence Equation (6) splits into the

two equations:
→
v Q⊥ +

→
ω × →

QM = 0 (7)

→
v Q‖ = k

→
ω (8)

The parallel component
→
v Q‖, which coincides with the linear velocity along the Mozzi axis, can be

calculated by means of the inner product:

→
v Q‖ =

→
ω·→v Q

→
ω

|ω| (9)

where
→
ω
|ω| is the unit vector of

→
ω. The perpendicular component (

→
v Q⊥) can be calculated by difference:

→
v Q⊥ =

→
v Q −→v Q‖ (10)

Moreover, for the perpendicular component, this equation holds:

→
ω·→v Q⊥ = 0 (11)

The unknown of the system of Equations (7) and (11) is vector
→

QM, which defines the position
of a point on the Mozzi axis. Since the angular velocity matrix is skew-symmetric [18], there are

infinite solutions for
→

QM that belong to a line; this line is the Mozzi axis. The solution of the system
of (7) and (11) can be found using vector algebra as shown in [18]:

→
QM =

→
ω ×→v Q⊥
ω2 + μ

→
ω (12)

where μ is an arbitrary scalar parameter. Therefore, the position of a point along the Mozzi axis with
respect to origin Oo is given by:

→
OoM =

→
OoQ +

→
QM (13)
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If all the vectors are projected on the fixed coordinate system, these scalar equations define the
Mozzi axis:

⎧⎪⎪⎪⎨⎪⎪⎪⎩
OoMx

OoMy

OoMz

⎫⎪⎪⎪⎬⎪⎪⎪⎭ =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

OoQx

OoQy

OoQz

⎫⎪⎪⎪⎬⎪⎪⎪⎭+
⎧⎪⎪⎪⎨⎪⎪⎪⎩

(ωxμ)/
∣∣∣ω∣∣∣− (ωzvQy)/ω2 + (ωyvQz)/ω2

(ωyμ)/
∣∣∣ω∣∣∣+ (ωzvQx)/ω2 − (ωxvQz)/ω2

(ωzμ)/
∣∣∣ω∣∣∣− (ωyvQx)/ω2 + (ωxvQy)/ω2

⎫⎪⎪⎪⎬⎪⎪⎪⎭ (14)

When an interval of time dt is considered, Equation (14) can be written in terms of differential
displacements (dQx, dQy, dQz) and rotations (dθx, dθy, dθz):

⎧⎪⎪⎪⎨⎪⎪⎪⎩
OoMx

OoMy

OoMz

⎫⎪⎪⎪⎬⎪⎪⎪⎭ =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

OoQx

OoQy

OoQz

⎫⎪⎪⎪⎬⎪⎪⎪⎭+
⎧⎪⎪⎪⎨⎪⎪⎪⎩

(dθxμ)/
∣∣∣dθ∣∣∣−(dθzdQy)/dθ2 + (dθydQz)/dθ2

(dθyμ)/
∣∣∣dθ∣∣∣+(dθzdQx)/dθ2 − (dθxdQz)/dθ2

(dθzμ)/
∣∣∣dθ∣∣∣−(dθydQx)/dθ2 + (dθxdQy)/dθ2

⎫⎪⎪⎪⎬⎪⎪⎪⎭ (15)

When differential displacements (dQx, dQy, dQz) and rotations (dθx, dθy, dθz) are calculated by
means of Equation (1), Equation (15) can describe the Mozzi axis of a robot with a certain configuration
and an assigned force vector {F}.

The representation of the compliance properties of the robot arm by means of the Mozzi axis
has some advantages with respect to the representation based on the Cartesian stiffness matrix. First,
the Mozzi axis gives a more intuitive and geometric interpretation of the phenomenon. Second,
the Mozzi axis also suggests the origin of the compliance, since its proximity to a joint axis identifies
this axis as the most compliant.

4. Mozzi Axis of the Tested Robot

To show the potentialities of the Mozzi axis approach, multiple simulations, in two different
scenarios, A and B, were performed. Both A and B configurations were excited by grinding forces
along x0, y0, and z0 axes. The two configurations differed in the orientation of the grinding equipment.
From a generic point of view, these configurations show how the Mozzi axis changes with a different
position of the grinding forces with the same robot joint configuration. Finally, a real case machining
scenario [5] was simulated (Figure 14).

 

 

Figure 14. Configuration A excited by a machining force
→
F applied on a plane parallel to y0-z0 plane,

two different points of view.

In Figures 15–17, the robot is excited by a machining force that lies in the vertical plane
perpendicular to the axes of joints 2 and 3. The rotation vector of the end-effector is parallel to
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the axes of joints 2 and 3, therefore the Mozzi axis has the same direction and passes at a distance from
the robot base that depends on the compliances of joints 2 and 3. No translation along the Mozzi axis
takes place. It is worth noticing that, since in Figure 15 the force has a small lever arm with respect to
joint 2, the motion of the end-effector is dominated by compliance of joint 3 and the Mozzi axis passes
very close to the center of this joint. In Figures 16 and 17, the vertical force exerts moments about both
joint 2 and 3 and the Mozzi axis crosses the robot at an intermediate point.

 
Figure 15. Configuration A with force

→
F applied parallel to x0 axis.

Figure 16. Configuration A with force
→
F applied parallel to z0 axis, bottom view.
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Figure 17. Configuration B with force
→
F applied parallel to z0 axis.

In Figures 18 and 19, the robot is excited by machining forces parallel to the y0 axis. Since this
axis is parallel to the joint 2 and 3 axes, the only joint that can comply to the machining force is joint 1,
therefore the Mozzi axis is coincident with the axis of joint 1.

Figure 18. Configuration A with force
→
F applied parallel to y0 axis.
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Figure 19. Configuration B with force
→
F applied parallel to y0 axis.

Figure 20 shows how the compliances of all the joints can combine together when excited by an

eccentric force. Force
→
F is applied parallel to the x0 axis on a plane perpendicular to the axes of joints 2

and 3, which does not intersect the axis of joint 1. Thus, it excites all the joints and the position of the
Mozzi axis results from the combination of all joint compliances. The Mozzi axis is tilted with respect

to plane x0–y0, and there is a displacement
→
ds along the axis as well.

Figure 20. Configuration B with force
→
F applied parallel to x0 axis.
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In Figure 14, a real scenario simulation is shown. Force
→
F lies on a plane parallel to the y0–z0

plane and its direction is defined by the downmilling process described in [5]. In this case, the Mozzi
axis has a location similar to the one in Figure 20: the main contribution to the end-effector movement

is provided by the compliance of joints 2 and 3, but a small component of force
→
F along the y0 axis

results in a non-negligible compliance of joint 1. It is interesting to notice how the high lever arm with
respect to joint 1 results in a significant compliance even with a small exciting force.

Another important aspect that can be highlighted by the seven figures is the direction of the

Cartesian movement
→

dOt of the point of application of the force. This direction is perpendicular to

the Mozzi axis when displacement
→
ds along the axis is null and a combination of both rotational and

sliding displacements in the general case. Moreover, the direction is not related to the direction of force
→
F , but it depends on the compliance of the joints. The only relation that can be found between the two

vectors is that this movement
→

dOt is placed within the semispace defined by force vector
→
F .

5. Conclusions

In this paper, two critical issues related to the compliance of industrial robots have been addressed.
The first part of the paper has shown that a modal approach based on the selective excitation of
some modes of vibration is a valid alternative to static tests for the identification of joint compliances.
The second part of the paper has shown that the Mozzi axis of the end-effector of a robot in a certain
configuration and with a certain load gives direct and concise information about the location and
direction of rotational and linear compliance.

These results have been obtained dealing with a serial six-joint robot with three compliant joints.
In the near future, the analysis will be extended to other types of robots with a larger number of
joints. The concept of Mozzi axis will be used to explore the possibility of improving the stiffness of a
redundant robot in a specific task choosing appropriate configurations of the arm.
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Abstract: The zero moment point (ZMP) and the linearized inverted pendulum model linking the
ZMP to the center of gravity (COG) have an important role in the control of the postural equilibrium
(balance) of biped robots and lower-limb exoskeletons. A solution for balance real time control,
closing the loop from the joint actual values of the COG and ZMP, has been proposed by Choi.
However, this approach cannot be practically implemented: While the ZMP actual value is available
from the center of pressure (CoP) measured under the feet soles, the COG is not measurable, but it
can only be indirectly assessed from the joint-angle measures, the knowledge of the kinematics,
and the usually poorly known weight distribution of the links of the chain. Finally, the possible
presence of unknown external disturbance forces and the nonlinear, complex nature of the kinematics
perturb the simple relationship between the ZMP and COG in the linearized model. The aim of
this paper is to offer, starting from Choi’s model, a practical implementation of closed-loop balance
control fusing CoP and joint-angle measures, eliminating possible inconsistencies. In order to achieve
this result, we introduce a model of the linearized inverted pendulum for an extended estimation,
not only of COG and ZMP, but also of external disturbances. This model is then used, instead of
Choi’s equations, for estimation and balance control, using H∞ theory. As the COG information is
recovered from the joint-angle measures, the identification of a statistically equivalent serial chain
(SESC) linking the COG to the joint angles is also discussed.

Keywords: biped robotics; exoskeletons; postural equilibrium; zero moment point; inverted
pendulum; robust control

1. Introduction

The zero moment point (ZMP) and linearized inverted pendulum have continued to play a
fundamental role in the control of postural equilibrium of biped robots and lower-limb exoskeletons
since their introduction by Vukobratovic [1]. Vukobratovic showed that the center of pressure (CoP)
of reaction forces under the feet soles on a flat horizontal surface coincides with a point he called the
zero moment point (ZMP) and that postural equilibrium can be guaranteed if the CoP (alias ZMP) is
maintained inside the convex hull of the surface encompassing the supporting foot (or feet in double
stance). Moreover, a very simple relationship, based on the linearized inverted pendulum, links the
ZMP and the center of gravity (COG) projection on the ground of the mechanical chain. The goal is to
control the COG acting on the joint angles as both are algebraically linked by the kinematics of the
chain, the target objective being the ZMP.
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Robotics 2019, 8, 89

If motion maintaining postural equilibrium is desired (e.g., during a step in gait), to control the
ZMP requires a certain degree of anticipation. Hence, in the so-called preview control framework [2],
transition of COG, COG velocity, and ZMP were precomputed in advance and applied in open loop
as reference to the biped control. However, this approach has not been able to model a closed-loop
system and does not face the problems of disturbance rejection and stability.

A solution to track the preview trajectories in closed loop was successively proposed by Choi [3].
The preview COG − ZMP trajectories during rectilinear gait were reviewed, and a closed-loop strategy
was devised and proven, using Lyapunov techniques, to guarantee closed-loop stability and a bounded
error tracking of the COG and ZMP preview references. The loop was closed from the actual values
of COG and ZMP, generating a feedback signal to control the COG velocity. Then, a speed control
for the joints from the COG velocity was designed using a COG Jacobian with specified embedded
motion. The output measures were not detailed, but presumably, COG was assessed by measuring
the joint angles from the weight distribution on the kinematic chain, and ZMP was measured by
pressure sensors under the feet of the biped. The strategy, according to theory, guarantees closed-loop
stability. However, when the authors tested it in simulations and practical examples, it showed a
lack of robustness to disturbances or poor damping of the closed-loop dynamics. Lyapunov theory
guarantees stability but does not say how much the resulting closed-loop poles will be damped.

If real-time measures (let us call them COGm and ZMPm) of COG and ZMP are independently
available, it is reasonable to assume that before closing the loop, a filtering is performed, fusing
both data. However, if these are generated, as stated before, the latter by direct measures and the
former indirectly from joint measures and a priori information, they are not always consistent with
the relationship stated by the linearized inverted pendulum. The main reasons are: uncertainties
in the model parameters (especially in the weight distribution when dealing with an exoskeleton
interacting with a patient), external forces acting on the biped (crutches or a chair in a sit-to-stand
exercise), centrifugal forces in the frontal plane when motion is not rectilinear.

This study was motivated by the intention to improve postural equilibrium in lower-limb
exoskeletons for rehabilitation. The same approach is at the basis of all applications needing balance
control of biped robots, such as biped walking in rectilinear [4,5] and curved trajectories [6], in haptic
lower-limb exoskeletons [7], and in performing sit-to-stand exercises [8], described by the authors in
other papers.

1.1. Paper Contributions

The main contribution of the paper is the development of a feedback control more robust
than the one offered by Choi. In order to achieve this result, a detailed understanding of the
closed-loop dynamics generated by controlling an inverted pendulum is presented, with particular
attention devoted to the control design techniques and the engineering problems in closing the loop.
Then, in order to make the filtering effective and close the loop from COGm and ZMPm, ensuring
compatibility, the proposed approach operates at two levels: a nonlinear algebraic function and a a
linear dynamic model.

The nonlinear function is a simplified mapping from joint angles to COG, called statistically
equivalent serial chain (SESC) [9], to be identified in a priori experiments. As this identification is
based on the same force sensors under the feet used for measuring the CoP, it also resolves any
calibration mismatch.

The linear model is an extended system based on the inverted pendulum from input u,
the reference COG velocity, and output COGm and ZMPm, used to estimate, along with the COG,
ZMP, and external disturbances affecting the CoP, the model states. Then, using the estimated
states, the loop from COGm and ZMPm can be closed applying robust control theory. The reasons for
estimating the unknown external force disturbances are twofold: (1) to take into account real external
disturbances, especially in exoskeletons but also in biped robots (e.g., centrifugal forces in turning
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while walking); (2) robustness in the COG − ZMP joint estimation, accommodating modeling errors,
parameter uncertainties, and the simplifications introduced by the linearized inverted pendulum.

Still recently, the linearized inverted pendulum has continued to be at the basis of the models
for balance control ([10,11] and references therein). However, to the authors’ knowledge, there are
no works introducing, for robustness, an extended system to estimate disturbances, or the need for a
SESC identification.

The proposed control is a non-conventional tracking problem, as two separate model states are
tracked. Two different control design techniques are proposed and tested to control the extended
system: (1) computing a robust estimator and solving the output feedback problem from the estimated
states using a numerical approach based on the Levenberg–Marquardt algorithm [12,13]; (2) solving
the standard robust regulator, adapted to deal with the preview signal tracking.

In order to test the approaches, three different experiments were performed. First, both observer
and state feedbacks were implemented and compared with Choi’s original feedback through simulation
of the 2D linearized inverted pendulum. In a standing position, a preview shift of the COG from
the heels to the tips of the feet was imposed, while in the meantime, an external force disturbance
was applied. Then, a real lower-size mechanical mock-up was considered, composed of foot, leg,
thigh, and trunk, with three degrees of freedom (DOF) in the sagittal plane to represent the real
exoskeleton for implementing the sit-to-stand exercise. The SESC model of this simplified kinematics
was identified with a priori experiments and used in the proposed feedback control through the COG
Jacobian of the chain. Finally, a non-linear simulation of the full-scale exoskeleton with patient was
run on the same exercise executed by the linearized inverted pendulum, emulating the first phase of
a stand-to-sit exercise. A complete sit-to-stand exercise with the presence of a chair and switching
dynamics exploiting the same control technique can be found in [8].

The paper is organized as follows. Section 2 reviews Choi’s results. Section 3 introduces the
main contribution of the paper: a COG − ZMP model of the linearized inverted pendulum and an
extended system, embedding in the model external disturbances, for applying robust estimation
and robust control. This model is also used in the Appendix to show the limitations of Choi’s
feedback. Sections 3.1 and 3.2 present the robust estimator–estimate state feedback and the standard
robust regulator. Sections 3.3 and 4 contain simulated and real control experiments. In particular,
Section 4.1 approaches the identification of the SESC model, and Section 4.2 presents the simulation of
a stand-to-sit exercise. Section 5 concludes the paper. The appendix discusses the limitations of Choi’s
original method.

2. Choi’s Approach

As in [3], the 3D linearized inverted pendulum is split into two separate, independent 2D models
for the sagittal and the frontal planes. However, in this paper only the sagittal plane will be considered,
with axes x (horizontal) and z (vertical). The equation linking COG and ZMP, adopting Choi’s
notation, is

p = c − (1/w2
n)c̈, (1)

wn �
√

g/cz, (2)

where p is the coordinate of the ZMP, c is the projection of the COG on the ground, cz is the height of
the COG, and g is the acceleration of gravity. wn is the only parameter of the model of the simplified
biped walking system.

Let pd, cd, and ċd indicate the desired preview trajectories of the ZMP, of the COG, and of its
derivative during a postural exercise, and assume that the pendulum joint servo is controlled in speed
by an input signal u according to

ċ = u + ε, (3)
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where ε accounts for the speed-tracking error and process disturbances and u is given by the following
feedback law:

ec = cd − c, ep = pd − p, u = ċd + kcec − kpep. (4)

Then, Choi’s results prove, with Lyapunov theory ([3], Theorem 1), that if kc > wn and
0 < kp < wn, the closed-loop system is bounded disturbance (ε) - bounded errors (ec, ep) stable.

Anyway, in spite of stability, a feedback implemented using Choi’s equations has a poor damping
of the closed-loop dynamics in practical operating conditions. A proof and discussion about this topic
can be found in Appendix A.

3. An Extended System for COG–ZMP Robust Estimation and Control

Choi does not introduce any input–output dynamic model to prove his results, but only a
Lyapunov function directly based on Equations (1)–(4). Here, vice versa, the essence of the feedback
control problem involving measures of COG and ZMP with the reference velocity as input is captured
by the simple model of the block diagram of Figure 1: a third-order model with states c, ċ, c̈, where
the jerk of the COG (in the following with an excess of notation, COG indicates its projection on the
ground) is controlled by a reference velocity signal u in an internal partial speed loop with velocity
gain kv and output COG and ZMP. The third-order model is needed to guarantee a realistic strictly
proper system for the design of the state estimator and feedback as position and acceleration are
both present in the output, and in the meantime, representing the internal speed loop with the servo
dynamics. If the gain of the local speed loop is taken relatively high (kv > 100) the COG speed will
closely track the reference u, as desired. This model does not take into account external forces acting
on the system or internal disturbances, as in the case of a lower-limb exoskeleton with the presence of a
patient. External forces are introduced when crutches are used or when the patient is sitting on a chair
in a sit-to-stand exercise, or simply to accommodate discrepancies between COG and ZMP measures.
Internal disturbances are generated by the involuntary motion of the patient in the small freedom
offered by the exoskeleton, independent of the joint motion, and obviously, by modeling errors.

+
-

-

+

Figure 1. The COG–ZMP model of the linearized inverted pendulum.

Then the model can be completed, generating the extended system of Figure 2, as defined in
robust control theory (for the definition of the extended system and its role in robust control and H∞

theory, see [14,15]).
F represents low-frequency external forces influencing the CoP. In the model ZMPactual (i.e., CoP),

the value measured and ZMPideal , the one linked to the COG by the linearized inverted pendulum
relationship, are defined separately, where δ is the difference between the two, the effect of disturbance
F to be estimated. COG and CoP are measured as before, taking into account measurement noise
represented by two high pass filters WnoiseCOG , WnoiseZMP . Output objectives are set on the COG and
on the ZMP for sensitivity requirements with respect to process noise ε (in a different context, here ε

has the same interpretation and scope as in Equation (3)) and the effect of the unknown external force
F. The weighting functions WCOG and WZMP are chosen to guarantee steady-state gain (i.e., tracking
error with respect to disturbances ε and F) and the frequency band of the loop transfer function in
the designed feedback. In order to have a balanced design, the control activity zu (with a weighting
function Wu) is added as an objective against measurement noises nCOG and nZMP, to set the control

170



Robotics 2019, 8, 89

activity. This extended system is used to design robust estimators of COG, CȮG, ZMPideal , and δ,
as well as robust controls.

+
-

+

-

+

+
+

+

+ +
+

Figure 2. The extended system of COG–ZMP, disturbance model of the linearized inverted pendulum.

Let ĉ, ˆ̇c, p̂, δ̂ be the estimates of the COG projection on the ground, its derivative, the ZMPideal ,
and δ. Then the control strategy of Equation (4) is modified as follows:

ec = cd − ĉ − δ̂,

ecv = ċd − ˆ̇c,

ep = pd − p̂ − δ̂, (5)

u = ċd + kcec − kpep + kcvecv,

with the control scheme represented in Figure 3. This means that c (and in the steady state, p) must
track a perturbed reference in order to guarantee that the CoP, and not the ZMPideal linked to the COG,
follows the desired preview signal, despite ZMPideal and COG converging to the same value in the
steady state, independently of the presence of disturbances. A feedback from ˆ̇c is also introduced as it
has a critical influence on the closed loop damping.

In the next subsections, two different approaches, based on robust control theory, to compute the
state observer and the state feedback coefficients, are introduced and tested. The estimates and the
coefficients in Equation (5) result explicitly from standard H∞ techniques by operating a state-space
transformation in the extended system of Figure 2, choosing as states c, ċ, p, δ, augmented (for the
whole extended system) by the unobservable or uncontrollable states introduced by the dynamics of
the weighting functions.
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-
+

Figure 3. Control of COG–ZMP with observer feedback.

3.1. Separate Estimator and Feedback

In this first approach, the extended system with the new state representation is used to design a
state estimator.

Then, a static output feedback problem for constrained pole placement is solved on the cascade of
the extended system and observer to derive the gains kc, kcv, and kp in (5).

It is known that static output feedback has no analytical solution. Hence, a numerical technique
based on the Levenberg–Marquardt algorithms was implemented. No algorithm details are presented
here. Just note that by minimizing the sum of the squares of a certain number of penalty functions,
the closed-loop poles are brought into a stability region with desired damping, constraining kc to be
greater than a lower bound, and the control activity (measured by the H∞ norm of the closed-loop
operator from measuring noises to control objectives) to be smaller than an upper bound.

3.2. H∞ Robust Control

In the second approach, estimation and feedback are jointly computed solving a H∞ robust
control regulator. Even if the classical separation of H2 does not apply in H∞ controls [14,15], a weakly
coupled state observer and estimated state feedback can still be recognized. Then, maintaining the
feedback coefficients of the estimated states of interest ( ĉ, ˆ̇c, p̂, δ̂) and setting to zero the remaining ones
relative to unobservable or uncontrollable modes (it can be verified that this has very little influence
on the closed-loop poles), the strategy of Equation (5) can be implemented. It is interesting to note the
similarity of the performances obtained between the two approaches, as shown in the next section.

3.3. Simulation Results

The model of an exoskeleton with a patient used in [5,7] was considered, with parameter wn = 3.34
and choosing a speed gain for the velocity loop of kv = 250. In this experiment, the linear model of
the block diagram of Figure 2 was simulated. In an erect posture, with a preview reference computed
as suggested by [2], a step transition on the sagittal plane of p of 0.2 m moving the c from the heels
to the tips of the feet at time t = 1.25 s was imposed. Then at t = 3.5 s, an external horizontal force
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disturbance acting in the sagittal plane on the COG, tries to move the CoP outside the feet support by
an additional 0.1 m, causing—if not compensated—a loss of balance.

The experiments are compared using the identical tracking gain kc of the COG loop and the best
(for damping) value of kp with Choi’s control and feedback from a robust estimator obtained from the
extended system of Figure 2. The gain parameters adopted in the case of Choi’s feedback were kc = 60,
kp = 5, with a resulting damping ratio of the dominant poles of 0.05; and in the case of observer
feedback, kc = 60, kp = 3, kcv = 4, with a resulting damping ratio of the dominant poles of 0.7.

The figures represent reference (dashed) and actual COG (blue), ZMPideal (red), and CoP (cyan),
COG speed estimate (green), and the estimate of the disturbance effect (violet).

Figure 4 shows the results adopting the Choi control. The low damping of the closed-loop poles
is clearly visible. Note that, ignoring the disturbances, the CoP does not follow the reference path and
exits from the tip of the feet.

Figure 4. Choi’s control without any disturbance compensation.

Vice versa, when disturbances are also estimated, after a short interval of time depending on
the filtering bandwidth of the estimator, the ZMP returns to the desired value. Figures 5 and 6 show
the feedback from the extended estimator with compensation of disturbances, obtained with the
approaches of Sections 3.1 and 3.2, respectively.

The transition of the force disturbance was chosen to be unrealistically steep to evidence that,
because of the estimator bandwidth, the compensation of the disturbance can’t be perfect, depending
on the values assigned to the weighting functions in the extended system.

The delay in the estimation of δ, as a consequence of the disturbance, is shown in Figure 7, where
δ is in blue and its estimate is in green.
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Figure 5. Extended observer feedback with disturbance compensation.

Figure 6. Robust control with disturbance compensation.

174



Robotics 2019, 8, 89

Figure 7. Effect of disturbance on the CoP and its estimation.

4. Control of a 3 DOF Biped

The approach was tested on the real three-DOF small-scale mock-up of an exoskeleton (Figure 8)
and on the simulation of the full-scale exoskeleton. The chains, in both cases, are composed of two
joint feet, legs, thighs, and one trunk. The 3 × 3 Jacobian matrix relating COG to joints embedding
knee motion and trunk attitude is the following:

⎡
⎢⎣ ċ

θ̇2

θ̇trunk

⎤
⎥⎦ =

⎡
⎢⎣ Jcog

0 1 0
1 1 1

⎤
⎥⎦ ·

⎡
⎢⎣θ̇1

θ̇2

θ̇3

⎤
⎥⎦ , (6)

where θ1, θ2, θ3 are the angles of the ankle, knee, and hip, Jcog is the Jacobian of c, and θtrunk is the
attitude of the trunk. Joints are controlled by velocity servos, with their references being obtained
through the inverse of the Jacobian matrix (6) driven by speed feedback signals. The COG speed
feedback is similar to the one used for the linearized inverted pendulum (5), where the measures of the
ZMPm were obtained from the CoP and that of the COMm from the joint-angle measures θ1m, θ2m, θ3m.
The remaining two feedbacks, from the knee angle and trunk attitude measures θ2m , θtrunkm , are simply
proportional feedbacks, the last measure being obtained from an inertial sensor:

[
uθ2

uθtrunk

]
=

[
kknee · (θ2re f − θ2m)

ktrunk · (θtrunkre f
− θtrunkm)

]
, (7)

where θ2re f and θtrunkre f
are the references chosen according to the desired postural exercise.
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Figure 8. A small-scale 3 degrees of freedom (DOF) leg of the exoskeleton.

4.1. Joint Angles–COGm Map Fitting and Control

In order to apply the results of the previous section to a biped device, it is necessary to have a
reliable evaluation of the COG from the joint angles, consistent with the CoP. Its value depends on the
position of the center of masses and weights of each link of the chain. Those data are scarcely known
in advance but can be identified with a series of a priori experiments. This approach is called statically
equivalent serial chain (SESC) modeling [9] (see also [16,17] for applications to rehabilitation).

Espiau et al., in [9], showed from experiments measuring the projection of the COG on a force
table that the physical parameters of a kinematic chain cannot be identified uniquely. What can
be identified is only a set of expressions of them, representing classes of equivalent (with respect
to the COG) chains. These expressions appear in linear form in the SESC model. Considering a
three-joint kinematic model composed of feet, leg, thigh, and HAT (head, arms, trunk) for motions in
the sagittal plane, the parameters of the SESC model can be identified using least squares with two
equations and two sets of experiments: collecting and recording a series of joint-angle positions with
the corresponding measures of the CoP in the steady state and a set of samples of joint angles and
CoP trajectories in motion spanning the operating area at random. A slight modification of the model
presented in [16] is proposed here, where the first equation, expressing explicitly COGx, refers to
steady-state experiments, while the second equation, expressing COGz indirectly (Equations (1) and (2)
can be rewritten as COGx − ZMPx = CÖGx/9.81 · COGz ), refers to dynamical ones.

The equations are: [
COGx

COGx − ZMPx

]
=

[
1 0
0 CÖGx/9.81

]
·

[
1 0 sin(θ1) sin(θ1 + θ2) sin(θ1 + θ2 + θ3)

0 1 cos(θ1) · b cos(θ1 + θ2) · b cos(θ1 + θ2 + θ3) · b

]
·

⎡
⎢⎢⎢⎢⎢⎣

r1x
r1z
r2

r3

r4

⎤
⎥⎥⎥⎥⎥⎦ , (8)
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with
r1x = (m0 · x0 + (m1 + m2 + m3) · x1)/mtot,

r1z = (m1 + m2 + m3) · z1/(m1 + m2 + m3),

r2 = (m1 l̇10 + (m2 + m3) · l1)/mtot,

r3 = (m2 · l20 + m3 · l2)/mtot,

r4 = m3 · l30/mtot,

b = mtot/(m1 + m2 + m3),

(9)

where l1, l2 are the length of legs and thighs, m0, m1, m2, m3 are the masses of feet, legs, thighs, and trunk
(HAT), (mtot = m1 + m2 + m3 + m4), x0 is the center of mass of the feet, x1, z1 are the coordinates
of the ankle, and l10, l20, l30 are the distances from the center of mass to the distal joints for the leg,
thigh, and proximal joint for HAT. Coefficient b accounts for the difference (the feet do not move
during the dynamical experiments) in sensing the COG statically and dynamically. From this model,
the six parameters of (9) are identified recursively with a non-linear least squares technique such
as Levenberg–Marquardt, where CÖG is obtained approximately from numerical differentiation of
COG. The actual small-scale leg was first identified, with results (statical and dynamical) contained in
Figures 9 and 10.

Figure 9. Results of estimating the statically equivalent serial chain (SESC) model in static experiments.

Then a control exercise was carried out, maintaining the CoP position fixed and the posture erect
while performing an up-and-down motion (such as sit-to-stand) of the body. The results (CoPx and
COGx), based on the identified model and the proposed control scheme, when a disturbing force
is applied in the sagittal plane are shown in Figure 11. The action of the feedback on the COG to
compensate the disturbance is clear.
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Figure 10. Results of estimating the SESC in dynamic experiments.

Figure 11. Maintaining the CoP position during a stand-to-sit like exercise in the presence of a
disturbance force.

4.2. Simulation of a Stand-to-Sit Exercise

In order to validate the results on the linearized inverted pendulum of Section 3.3, the proposed
control (with the same estimator and feedback parameters) was applied to the non-linear simulation
of a multi-chain with 3 DOF, having as average the same COGz. It represents a biped in the sagittal
plane emulating the first phase of a stand-to-sit exercise to test the balance control of a future full-scale
exoskeleton with a patient. While the pelvis is lowered from a standing posture to reach the chair
and the trunk attitude assumes a natural bending forward, the COGx is shifted from heels to tips and
a disturbance force is applied, as in the previous experiment of Figures 5 and 6. The animation of
the exercise can be seen in Figure 12. The resulting response of the COG − ZMP in Figure 13 is very
similar to that of the linearized inverted pendulum. Particularly, in the final phase of the exercise,
the reaction of the exoskeleton to preserve equilibrium against the push forward of the disturbing
force is particularly visible.
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Figure 12. Animation of the 3 DOF kinematics during a stand-to-sit exercise.

Figure 13. COG–ZMP during stand-to-sit and shift of CoP in a nonlinear 3 DOF
kinematics-robust control.

Vice versa, Choi’s original feedback with identical COG gain, applied to the nonlinear simulator,
has not been able to guarantee stability.

5. Conclusions

In this paper, Choi’s feedback for postural control of a biped robot, based on a linearized inverted
pendulum model, has been revised. In practical situations, this feedback generates very undamped
closed-loop dynamics. Then, the design problem was reformulated using state estimation and
state feedback control. In fact, closing the loop with a state observer of the COG and exploiting
velocity along with position and acceleration estimates guarantees a greater damping of closed-loop
poles, with identical steady-state gain. However, to be effective in fusing CoP and COM measures,
this observer needs to be extended to also estimate external disturbance forces, and the kinematic
model of the COM needs to be tuned to the actual mass distribution. The former problem was
tackled by a robust estimator based on an extended system embedding into the model unknown force
disturbances, the latter by identifying a priori the SESC model of the mapping between joint angles
and the COM. This a priori identification can also be repeated to maintain the mapping up to date in
cases of changes in the weight distribution of the biped.

Two approaches to design the feedback were pursued: one is numerical, computing the state
feedback for a given observer with a Levenberg–Marquardt algorithm. The second exploits integrally
estimator and feedback obtained from a robust control regulator and adapts it to the tracking of
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the preview signals. The results show similar performances, with good disturbance compensation.
It must be emphasized that the adoption of an extended system with its weighting functions offers a
formal technique to set the observer and feedback characteristics, guaranteeing the desired loop gain
and bandwidth.

Robustness was shown by applying the control designed for a linearized inverted pendulum
to two non-linear systems: a three-DOF kinematic chain of an actual mechanical small-scale leg
and the simulation of an exoskeleton constraining a patient to perform a joint-legged stand-to-sit
exercise in the sagittal plane. The proposed control correctly integrates the COG information, which
is poorly reconstructed from joint measures and kinematics of the chain, with actual CoP measures,
accommodating uncertainties in the model and unknown external force disturbances. Moreover,
an identification procedure of the SESC model was proposed and tested.

COG–ZMP and linearized inverted pendulum models continue to be at the basis of balance
control of bipeds. However, extended systems and SESC models have not yet been proposed in order
to offer robustness to the approach.

The proposed COG− ZMP control was successfully used by the authors for the balance of turning
during walking of biped robots and for a more detailed and complete sit-to-stand exercise described in
the companion paper [8]. In particular, future developments will consider haptic exoskeletons, where
the action of the patient on some joints, through electromiographical signals, controls the motion of
part of the degrees of freedom, while the automatic control discussed here guarantees balance acting
on the ankles or on the hips.

Computing robust estimation and robust control, as well as the block diagrams present in the
paper, were made with the design environment G++ developed by the authors described in [18] and
that can be downloaded from [19]. However, the used technique is fairly standard in the robust control
field and can be found in classical textbooks such as [14].
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Appendix A. Choi’s Feedback Limitations

This appendix is devoted to showing that, in spite of stability, Choi’s original feedback has a
poor damping of the closed-loop dynamics in practical operating conditions. Applying the control
strategy of Equation (4) to the model of Figure 1, we obtain a closed-loop system with three design
gains kv, kc, kp and one coefficient wn, as depicted in Figure A1. In classical linear control theory, it is
customary to introduce disturbances in the input and output of the system and to study the closed-loop
performance, analyzing the open-loop transfer function (t.f.), and the related closed-loop sensitivity
functions linking the output to the input and output noises. The block diagram presents two partial
feedback loops, on COG and on ZMP, that can be analyzed separately by opening (indicated with an
X in the block diagram) the two feedbacks one at a time and considering the other part of the system.
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Figure A1. The COG–ZMP model of the linearized inverted pendulum with Choi’s feedback control.

The functions related to the ZMP loop are not particularly interesting: the feedback of the ZMP,
although important for stability reasons, does not play any role in disturbance rejection and tracking
error because its steady-state loop gain is always lower than 1. In fact, it is given by

Gazmp(s) =
kvkp(1 − s2/w2

n)

s3 + kvs + kvkc
, (A1)

where kp < kc always holds.
Vice versa, the following t.f.s of the COG loop are noteworthy: the open-loop transfer

function Ga(s), the output tracking error sensitivity S(s), and the output sensitivity to input
disturbances Geqε−COG (s).

Ga(s) =
kvkc

s3 + kvkp/w2
ns2 + kvs − kvkp

(A2)

S(s) =
s3 + kvkp/w2

ns2 + kvs − kvkp

s3 + kvkp/w2
ns2 + kvs + kv(kc − kp)

(A3)

Geqε−COG (s) =
kv

s3 + kvkp/w2
ns2 + kvs + kv(kc − kp)

(A4)

In order to guarantee stability (negative real part of the roots of the third-order, closed-loop,
characteristic polynomial appearing as denominator in Equations (A3) and (A4)), the following
condition on the parameter kp must be satisfied:

w2
n

w2
n + kv

kc < kp < kc , (A5)

Note that condition (A5) is slightly different from Choi’s result.
In order to have more insights about the closed-loop poles of Equations (A3) and (A4), consider

the root locus, function of kv, of the following open-loop transfer function:

Gakv
(s) =

kv(kp/w2
ns2 + s + kc − kp)

s3 . (A6)
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Note that the numerator of 1 + Gakv
(s) is exactly the characteric polynomial of (A3) and (A4).

When kv → ∞, one real closed-loop pole → −∞, but the dominant closed-loop poles are complex
conjugate and approach asymptotically the zeroes of the t.f. (A6), i.e., the root of the polynomial

s2 + w2
n/kps + w2

n(kc − kp)/kp, (A7)

having the damping ratio

ζ =
wn

2

√
1

kp(kc − kp)
. (A8)

Moreover, the root locus shows that for any value of kv < ∞, the damping ratio of the pair of
dominant complex conjugate poles is always lower than that of these zeroes. From previous results,
the following observations can be made:

• with high values of the kv gain, the dominant closed-loop poles depend on the pair kc, kp only,
as they are highly insensitive to kv;

• the steady-state COG loop gain (A2) is proportional to the rate kc/kp (independent from kv);
• the steady-state gain of both sensitivities related to COG are inversely proportional to kc − kp;
• however, if the gain kc, or more precisely, the difference kc − kp, increases, then the damping ratio

of the dominant closed-loop poles decreases.

In conclusion, if a sufficiently high loop gain in the COG − ZMP control system is imposed,
with the feedback proposed by Choi, even if the closed loop remains stable, its behavior becomes
highly undamped. However, a high loop gain, and hence a high value of kc is needed when a robust
control has to be used in exoskeletons to improve postural equilibrium for ill or elderly people, in order
to cope with uncertainties.

References

1. Vukobratovic, M.; Borovac, B.; Surla, D.; Stokic, D. Biped Locomotion: Dynamics, Stability, Control,
and Application; Springer: Berlin/Heidelberg, Germany, 1990.

2. Kajita, S.; Kanehiro, F.; Kaneko, K.; Fujiwara, K.; Harada, K.; Yokoi, K.; Hirukawa, H. Biped Walking Pat-tern
Generation by using Preview Control of Zero-Moment Point. In Proceedings of the 2003 IEEE International
Conference on Robotics and Automation, Taipei, Taiwan, 4–19 September 2003.

3. Choi, Y.; Kim, D.; Oh, Y.; You, B. Posture/Walking Control for Humanoid Robot Based on Kinematic
Resolution of CoM Jacobian With Embedded Motion. IEEE Trans. Robot. 2007, 23, 1285–1293. [CrossRef]

4. Menga, G.; Ghirardi, M. Modelling, Simulation and Control of the Walking of Biped Robotic Devices—Part I:
Modelling and Simulation Using Autolev. Inventions 2016, 1, 6. [CrossRef]

5. Menga, G.; Ghirardi, M. Modeling, Simulation and Control of the Walking of Biped Robotic Devices, Part II:
Rectilinear Walking. Inventions 2016, 1, 7. [CrossRef]

6. Menga, G.; Ghirardi, M. Modeling, Simulation and Control of the Walking of Biped Robotic Devices—Part III:
Turning while Walking. Inventions 2016, 1, 6. [CrossRef]

7. Menga, G.; Ghirardi, M. Lower Limb Exoskeleton for Rehabilitation with Improved Postural Equilibrium.
Robotics 2018, 7, 28. [CrossRef]

8. Menga, G.; Ghirardi, M. Control of the sit-to-stand transfer of a biped robotic device for postural
rehabilitation. Robotics 2019, 8, 91.

9. Espiau, B.; Boulic, R. On the Computation and control of the mass center of articulated chains. In Research
Report INRIA, n.3479; INRIA: Rocquencourt, France, 1998. Available online: https://hal.inria.fr/inria-
00073210/document (accessed on 10 June 2019).

10. Kajita, S.; Morisawa, M.; Miura, K.; Nakaoka, S.; Harada, K.; Kaneko, K.; Kanehiro, F.; Yokoi, K. Biped
Walking Stabilization Based on Linear Inverted Pendulum Tracking. In Proceedings of the 2010 IEEE/RSJ
International Conference on Intelligent Robots and Systems, Taipei, Taiwan, 18–22 October 2010.

11. Kasaei, M.; Lau, N.; Pereira, A. Comparison Study of Well-Known Inverted Pendulum Models for Balance
Recovery in Humanoid Robot. arXiv 2019, arXiv:1906.01936.

182



Robotics 2019, 8, 89

12. Levenberg, K. A Method for the Solution of Certain Non-linear Problems in Least Squares. Q. Appl. Math.
1944, 2, 164–168. [CrossRef]

13. Marquardt, D. An Algorithm for the Least-Squares Estimation of Nonlinear Parameters. SIAM J. Appl. Math.
1963, 11, 431–441. [CrossRef]

14. Colaneri, P.; Geromel, C.; Locatelli, A. Control Theory and Design: An RH2 and RHinf Viewpoint; Academic
Pressl: San Diego, CA, USA, 1997.

15. Zhou, K.; Doyle, J.; Glover, K. Robust and Optimal Control; Prentice Hall: Upper Saddle River, NJ, USA, 1996.
16. Cotton, S.; Vanoncini, M.; Fraisse, P.; Ramdani, N.; Demircan, E.; Murray, A.; Keller, T. Estimation of the

centre of mass from motion capture and force plate recordings: A study on the elderly. Appl. Bionics Biomech.
2011, 8, 67–84. [CrossRef]

17. Cotton, S.; Murray, A.; Fraisse, P. Estimation of the Center of Mass: From Humanoid Robots to Human
Beings. IEEE/ASME Trans. Mechatron. 2009, 14, 707–712. [CrossRef]

18. Menga, G. Automatic Control. DAUIN—Politecnico di Torino. Available online: https://www.dropbox.
com/s/jhkai3pabok0t8r/Book.pdf (accessed on 21 October 2019).

19. Menga, G. Automatic Control Software. DAUIN—Politecnico di Torino. Available online: https://www.
dropbox.com/s/xs5mwy4hvzqigcn/controldesign3.zip (accessed on 21 October 2019).

c© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

183





robotics

Article

Control of the Sit-To-Stand Transfer of a Biped
Robotic Device for Postural Rehabilitation

Giuseppe Menga 1,*,† and Marco Ghirardi 2,†

1 Department of Control and Computer Engineering, Politecnico di Torino, Corso Duca degli Abruzzi 24,
10129 Torino, Italy

2 Department of Management and Production Engineering, Politecnico di Torino, Corso Duca degli
Abruzzi 24, 10129 Torino, Italy; marco.ghirardi@polito.it

* Correspondence: giuseppe.menga@formerfaculty.polito.it; Tel.: +39-011-0907261
† These authors contributed equally to this work.

Received: 17 July 2019; Accepted: 21 October 2019; Published: 24 October 2019

Abstract: This paper deals with the control of the sit-to-stand transfer of a biped robotic device
(either an autonomous biped robot or a haptic assistive exoskeleton for postural rehabilitation).
The control has been synthesized, instead of considering the physiology, analyzing the basic laws
of dynamics. The transfer of a human from sitting on a chair to an erect posture is an interesting
case study, because it treats biped balance in a two-phase dynamic setting, with an external force
disturbance (the chair–pelvis contact) affecting the center of pressure under the feet. At the beginning,
a body is sitting, with a fixed pelvis moving with the hips going toward the supporting feet and,
contemporaneously, releasing the load from the chair with ankles and knee torques. Then, after
lift-off, it reaches and maintains an erect posture. The paper objectives are threefold: identifying the
major dynamical determinants of the exercise; sythesizing an automatic control for an autonomous
device; proposing an innovative approach for the rehabilitation process with an exoskeleton. For this
last objective, the paper extends the idea of the authors of a haptic exoskeleton for rehabilitation. It is
driven to control the joints by electromiographical signals from the patient. The two spaces, cartesian
(world) and joint, where, respectively, the automatic control and the patient operate, are considered
and a technique to blend the two actions is proposed. The exoskeleton is programed to perform the
exercise autonomously. Then, during the evolution of the phases of rehabilitation, we postulated to
seamlessly move the control from one space (purely autonomous) to another (completely driven by
the patient), choosing and keeping the postural tasks and joints (heaps, knees, or ankles) on which to
apply each one of the two actions without interaction.

Keywords: exoskeleton; haptics; rehabilitation; postural control; postural balance; multi-chain
dynamical systems

1. Introduction

Robotic rehabilitation started with passive exoskeletons [1], or devices that impose (on the
interested limbs) a forced motion. An early example for lower limbs is Lokomat [2]. It evolved into
systems that create force tunnels to address the motion generated by the patient [3]. These were further
extended with the introduction of a feedback from the patient, to offer cooperative controls (also called
hybrid control) not only to guide but also to contribute to the efforts of the patient [4]. An extensive
state-of-the-art of cooperative exoskeletons for rehabilitation is contained in [5]. Following this line of
approach, we proposed a haptic exoskeleton where the joints are actuated using admittance control
based on the patient’s Electromiographical (EMG) signals [6].

One classical exercise for postural rehabilitation performed in a fixed position is the “sit-to-stand”.
Then, a haptic exoskeleton able to guide the patient to perform this exercise is highly desirable.
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The study of the motion of the body during this apparently simple, but in reality not so
simple, exercise has attracted interest for a long time [7], not only to understand the human
physiological behavior, but also to mimic the control for autonomous biped robots or for actively
cooperating exoskeletons.

The majority of available studies are related to the analysis of the human physiological
behavior [8,9], but also examples of synthesis of the control based on optimization are available [10,11].
A recent comprehensive review can be found in [12]. However, none discussed the key determinants
at the root of the exercise. Here, we follow a different approach. Recognizing that the human motion
in performing the exercise is the direct consequence of the respect of physical laws of dynamics,
these laws are analyzed and a feedback control based on them is synthesized. This also offers an
explanation of well know physiological results such as the “Alexander STS technique” [11].

The exercise is composed of two dynamical phases: phase 1, when still sitting on the chair,
the trunk, through the hips, is moved forward to gain balance on the feet, and phase 2, when the
balance is maintained moving from the chair to an erect posture. In both phases, postural balance
plays a key role, however, in phase 1, the coordination between the motion of the trunk and the torques
on ankles and knees to release the load from the chair are also important. From the understanding
of these dynamics, an automatic control can be synthesized. However, in the case of a lower limb
exoskeleton for rehabilitation, such as in [6], where an automatic postural feedback operates in the
Cartesian space and the patient controls the joints in the joint space, the interaction between the two
players has to be considered. This paper proposes to program the exoskeleton to perform the exercise
autonomously, then, with an innovative approach, to blend the two actions, moving seamlessy during
the evolution of the rehabilitation, under the direction of the physiotherapist, from purely automatic to
completely under the control of the patient. Moreover, according to the needs of the rehabilitation,
some of the components of the coordinates of the Cartesian space, indicated here as elemental postural
tasks, can be actuated by the automatic control and the remaining components, through selected
joints by the patient, keeping the two groups separat from postural tasks without interfering between
each other. Section 2 contains a background on the dynamics of the exercise. Section 3 presents the
problem, describes the general adopted model and the autonomous control. Details of control during
both phases are in Section 3.3. Section 4 applies the approach to a haptic exoskeleton. The results
of a simulation are discussed in Section 5. The conclusions, mentioning future ongoing researches,
in Section 6 complete the paper. Details of the control algorithms are contained in Appendices A–C.

2. Background on the Dynamical Behaviour of the Exercise

Two main aspects characterize the exercise: balance and coordination, briefly introduced in the
following subsections.

2.1. Balance

The dynamic of a linearized inverted pendulum is a fundamental element to understand the
balance of biped systems. It was introduced by Vukobratovic [13] for controlling exoskeletons,
but actually has been widely exploited in autonomous biped robotics. He argued that balance is
guaranteed if the center of pressure (CoP) of the reaction forces exerted by the ground on the feet
and is maintained in the convex hull containing the surface of the feet. This point is coincident, on a
flat horizontal surface, to a point he called ZMP (zero moment point-where the reaction from the
constraint is a pure force with zero moment), a result from classical equivalence and replacement [14]
in mechanics. Moreover, a linearized inverted pendulum is a really good approximation of the more
complex kinematic chain of a biped, but also, adopting this approximation, and ZMP motion is linked
by a linear relationship to position and acceleration. In a simplified 2D environment, (the paper
considers motion only on the sagittal plane) the relationship is

ZMPx = COGx − COGz/g · CÖGx (1)
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where ZMPx and COGx are the motion coordinates of ZMP and COG on the ground, COGz is the
height of the barycenter and g the gravity acceleration.

Hence, to perform a transition, the COG must be moved controlling the joint angles to which
it is algebraically linked, having as objective the ZMP position. As this requires a certain degree of
anticipation, usually it is achieved by tracking some special pre-computed references of the COG
(preview control [15]). Choi in [16] showed that a closed loop feedback from the measures of COG
and ZMP position is able to track a preview reference signal. This feedback has been improved in [17]
by introducing in the loop a state estimator of COG − ZMP, extended to external disturbance forces.

2.2. Coordination

The biped in the sit-to-stand exercise is a dynamical system with changing non-holonomic
constraints: the contacts of ground–feet are always present and the chair–pelvis is only present in the
first phase only. This has consequences on the number of degrees of freedom of the multibody chain,
and in the role of torque on the joints, that are defined in [18,19] as Position and Auxiliary. The former
contributes to the motion, and the latter only to the reaction forces on the constraints. The balance with
tracking of a preview reference of the COG − ZMP, based on the measures of the center of pressure
under the feet and the pelvis–chair contact, and the coordination of Position and Auxiliary torques for
motion and constraint force control are the elements of a “sit-to-stand” transition.

3. The Process, the Model and the Control

3.1. The Process

The exoskeleton is joined to the patient, moving on the sagittal plane with joint motion of the
pairs of ankles, knees and hips of the two legs; it can be represented as a four-link chain: feet, legs,
thights and trunk. The trunk, comprising head and arms, is also often called hat. The hips are coincident
with the pelvis. In a sitting position, as is represented in Figure 1, the reaction forces transferred from
the chair are applied for simplicity at the pelvis point, without exchange of torque.

Figure 1. A biped sitting on a chair.

In a stationary posture, with relaxed muscles controlling ankles and knees, and the trunk attitude
maintained by controlling the hips, COGx and ZMPx do not coincide as stated by the classical
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relationship (1), due to the presence of the external disturbance (with respect to the feet) represented by
the chair reaction forces. COGx position is well behind the soles of the feet, close to the chair support,
while the ZMPx alone is under the feet. The “sit-to-stand” transition starts by moving the COGx from
its actual position from the chair toward the feet, tracking a preview signal which will be followed,
also, during the second phase of the exercise. A typical behavior of this signal, based on Equation (1),
imposing a step without overshoot of the ZMPx is given in Figure 2. Note that it depends on only one
design parameter, i.e., the value of COGz.

Figure 2. A preview signal for the COGx position and velocity imposing a step forward to the ZMPx.

At the same time during phase 1, two torques are applied to the ankles and the knees to bring the
reaction force under the pelvis to zero. As these torques influence the reaction forces/torques at the
constraints, it is easy to see that this action, without trunk motion, would move the ZMPx back away
from the feet (Figure 3), with obvious consequences on the balance.

Figure 3. The ZMPx on the feet releasing the load from the chair, without moving forward the trunk.

The physiological behavior through proprioception, sensing the reaction forces under the feet
and the pelvis, coordinates the two actions, so that during phase 1 while the reaction forces under
the pelvis are zeroed, moving the trunk forward the ZMPx is approximately maintained in the
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original position under the feet guarateeing balance for the next lift-off. Comparing Figures 2 and 3,
(the comparison is only qualitative, as Figure 2 is generic), with transition from phase 1 to phase 2 at
time 1.5 s, the behaviour of the inverted pendulum and the role of the preview can be better understood:
the motion of the COG must start well in advance of any other action in order to compensate the
negative effect on the ZMPx caused by releasing the load from the chair, moreover, dynamically
postural equilibrium can be reached at the halfway through the transition period, even before the COG
reaches the feet.

The choice of the design parameter COGz for the preview transition of the COG is not irrelevant;
in fact, it can be seen in Figure 4 how the behavior of COGx, CȮGx, ZMPx changes if the design
parameter is chosen below (red plot-with an overshoot) or above (blue plot-smoother response) the
actual value (green plot) of the inverted pendulum. At last, the choice of this design parameter
influences the rotational velocity of the trunk at the time of lift-off from the chair when moving to
phase 2, with consequences on the kinetic energy spent and on efficiency. We argue that it is the main
parameter explaining the Alexander STS technique frequently cited in the STS literature [11].

Phase 1 ends when the reaction forces from the chair become zero. At this point, the biped is in
postural dynamical balance and all three joints now contribute to the motion in phase 2 to complete
the exercise and reach an erect standing posture.

Obviously, these and the following are simplified observations. In reality, physiologically,
through neural plasticity, almost any person who does not know anything about preview control and
inverted pendulum, learns how to control the COG and the torques on the joints during the exercise
optimizing, contemporaneously, the expenditure of energy.

Figure 4. Responses of COGx, ˙COGx and ZMPx for previews with different parameter COGz.

3.2. The Model

The model of the biped device in a standing up position is given in Figure 5. The kinematical
chain has three degrees of freedom (DOF) with configuration variables of angles θankle, θknee, θhip,
representing the joint space, with control torques Tankle, Tknee, Thip. The three coordinates, target
variables representing three elemental postura tasks, in the Cartesian space, as the problem is dealing
with body balance and posture, COGx, the height of the pelvis and the attitude θtrunk of the trunk.
For simplicity, the height of the pelvis is substituted by the knee angle θknee, to which, in balance, it is
strictly related. This choice also avoids singularity of the Jacobian when the knees are fully stretched.
With reference to Figure 1, reaction forces from the ground to the feet, applied for convention to the
vertical projection on the ground of the ankle Anklex, and torque are Fz f eet , Fx f eet (compensated by the
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ground friction, is not further represented, as it has no roles) , Ty f eet . Forces from the chair to the pelvis
(in the sitting position) are Fzhip , Fxhip .

Figure 5. The model of the biped device.

From previous definitions, the displacement of ZMPx, with respect to the position Anklex of the
conventional application of reaction forces is given by

ΔZMPx = −Ty f eet /Fz f eet

i.e.,

ZMPx = Anklex + ΔZMPx

(2)

This indicates that maintaining ZMPx under the feet means keeping Ty f eet close to zero.
During phase 1, in the presence of the non-holonomic constraint given by the chair–pelvis contact,

the degrees of freedom of the kinematic chain are reduced: the only Position variable controlling the
trunk attitude is the hip angle, while ankle and knee are Auxiliary. The latter torques control the
constraint reaction forces and torques. Their mathematical expressions are composed of three terms:
a nonlinear function of the angular speeds, a term generated by acceleration, and a linear function
of the angular accelerations of the Position joints and of the control torques of the Auxiliary ones.
Obviously, all coefficients are function of the angle values:

⎡
⎢⎣

Ty f oot

Fxhip

Fzhip

⎤
⎥⎦ = NL(θhip, θ̇hip) + G(g)+

⎡
⎢⎣M11M12M13

M21M22M23

M31M32M33

⎤
⎥⎦ ·

⎡
⎢⎣Tankle

Tknee
θ̈hip

⎤
⎥⎦

(3)

In the right hand side of expression (3), only the linear relationships of the control torques are
of interest, which coefficients Mij are basically Jacobians. Target velocities in the Cartesian space are
linked to the joint angle velocities by the Jacobian matrix J:⎡

⎢⎣CȮGx

θ̇knee
θ̇trunk

⎤
⎥⎦ = J ·

⎡
⎢⎣θ̇ankle

θ̇knee
θ̇hip

⎤
⎥⎦ (4)
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with J given by

J =

⎡
⎢⎣J11 J12 J13

0 1 0
1 1 1

⎤
⎥⎦ . (5)

The Jacobians of COGx, present in the Jacobian matrix with embedded knee and trunk motion (5)
and the coefficients Mij in (3) can be generated in real time from the joint angles using expressions,
which in our case, were obtained by the symbolic computational environment AutoLev [20]
implementing Kane’s method [14], when the kinematics is known, or better, for the COGx, they can be
derived from a SESC model [21] identified by a priori experiments. For details see [17].

3.3. The Control

Depending on the transition phase, the joint motor drivers are configured to be controlled either
in velocity or in torque. The control is obtained by closing the loop using the measures of the center of
pressure under the feet and the reaction forces under the pelvis, obtained from appropiate loading
cells mounted on the chair and on the floor. Moreover, the position/velocities of the joints angles from
the motor drivers, torques on the joints, and inertial datas from the trunk are available.

3.3.1. Velocity Control

When the joints are configured for velocity control, the inverse of the Jacobian matrix (4) of the
previous section is used to generate the inputs of the motor drivers in the joint space to track the
desired reference preview signals of the COGx, of the trunk attitude and of the knee angle in the
Cartesian space. These, during phase 2, are

θ̇re f (t) = J−1 · u(t) (6)

where

θ̇re f (t) =

⎡
⎢⎣

θ̇anklere f

θ̇kneere f

θ̇hipre f

⎤
⎥⎦ (7)

is the vector of speed reference in the joint space and

u(t) =

⎡
⎢⎣uCOG(t)

uhat(t)
uknee(t)

⎤
⎥⎦ (8)

is the vector of the return difference signals of the feedback in the Cartesian space derived in the
Appendix A. During phase 1, as only the hip is controlled in velocity, (6) simplifies to

θ̇hipre f
(t) = J13

−1 · uCOG(t). (9)

3.3.2. Torque Control

For the drivers of ankles and knees configured to torque control during phase 1, Equation (3)
are used to bring to zero the chair reaction forces, based on a recursive weighted least square scheme
(described in details in Appendix B):

uT(t + Δ) = uT(t)+

αM+ · (Freactre f (t)− Freact(t))
(10)

191



Robotics 2019, 8, 91

where Δ is the sampling time, uT(t) is the vector of reference inputs to the torque control drivers of
the motors

uT(t) =

[
Tanklere f

(t)
Tkneere f

(t)

]
(11)

α is a coefficient to guarantee convergence, M+ is the solution of the least square problem (A5),
and Freactre f (t) and Freact(t) are the vectors of reference to track and measured reaction force/torques :

Freactre f (t) =

⎡
⎢⎢⎣

Ty f ootre f

Fxhipre f

Fzhipre f

⎤
⎥⎥⎦ , Freact(t) =

⎡
⎢⎣

Ty f oot

Fxhip

Fzhip

⎤
⎥⎦ (12)

Fxhipre f
, Fzhipre f

are chosen to send the reaction forces on the chair from their starting value to zero,

and Ty f ootre f
is kept equal to 0. The measure of Ty f oot is not avilable, however it can be inferred by the

distance of ZMPx from Anklex.
The choice of the weighted least square allows to blend torque transition with the need to control

the ZMPx. In fact, with Ty f ootre f
close to zero ZMPx becomes fairly insensitive to the choice of the other

references signals.

3.3.3. Lift off Transition

The control switches from phase 1 to phase 2 when the module of the reaction forces reaches a
neighbourhood of zero. At that moment, a smooth transition must be imposed on the control of knees
and ankles to avoid torque spikes. The simplest approach, adopted here, is to maintain (for a fraction
of time at the joints) the value of torques that is reached at the end of phase 1 while the velocity control
of phase 2 goes into action with a loop gain increasing from zero to the design value.

4. A Haptic Exoskeleton

The control described in the previous sections refers to an autonomous behavior, and it can be
used to program the exercise into a biped robot, or applied in an exoskeleton in the first phase of the
reabilitation when a patient is completely unable to operate.

In the case of a haptic exoskeleton partially or totally controlled by the patient, two different
aspects have to be considered: the joints controlled in torque and the jonts controlled in velocity.
For both aspects, EMG signals that are measured on the appropriate muscles offer approximate
information of the torques applied by the patient to his joints. For the torque control, the contribution
to the patient’s effort is achieved with a classical technique as described in [22].

For the motion, admittance control is adopted as described in [6]. The EMG signals, processed by
an admittance filter, are translated into motion information that is used as reference velocity of the
corresponding joint speed drivers of the exoskeleton.

Torque control applies to phase 1 of the exercise, the contribution of the exoskeleton is to help the
patient to coordinate the two actions; motion with the rotation of the trunk and contemporaneously
torque for the release of the load from the chair. This can be achieved by plotting on a display in front
of the patient the position of the center of pressure in relation to the feet, with total or partial automatic
support of the exoskeleton. Two options are available: automatic motion tracking a preview (different
previews can be tested), and torques supported by the patient, or vice versa.

After transition to phase 2, only motion is involved, with three postural tasks, described in (4),
to execute, and three joints to control. Let indicate the motion references driven by the patient’s efforts,
as output of the admittance filters, for ankle, knee and hip as

192



Robotics 2019, 8, 91

θ̇p(t) =

⎡
⎢⎣

θ̇anklep(t)
θ̇kneep(t)
θ̇hipp(t)

⎤
⎥⎦ . (13)

In a training program, it is desirable that the patient progressively takes control, in number
and strength, of the joints of the exoskeleton, and in so doing assumes responsibility of one or
more of the postural tasks, without affecting the remaining tasks performed autonomously by the
feedback. For this, the concept of tutoring-cooperation-coordination is introduced, where some of the
elemental postural tasks, under the control of the patient, and the complementary tasks, under the
automatic postural loop, can be completely decupled. This is a variant of whole body coordination
(WBC) discussed in [16] and introduced in [23]. Tutoring means that all tasks are performed fully
automatically, without intervention of the patient that is completely tutored, it is equivalent to the
WBC. Coordination is when the patient takes complete control, through some joints, of one or more
elemental postural tasks of the exercise, without interfering with the complementary tasks controlled
by the automatic postural loop and, hence, he must perform coordinate motions. In between of the
two extreme situations with cooperation, the two players can operate jointly on some tasks and their
actions are overlapped. Through a modulation parameter β the patient takes partial control and must
cooperate with the automatic tasks, as depicted in Figure 6. The approach is based on two aspects:
the separation of the elemental postural tasks operated by the two players, and for the tasks operated
jointly, on the modulation of the two actions.

Figure 6. Mixing cartesian postural and patient joint controls.

Let Ru represents the 3 × 3 selection matrix, with ones and zeros on the diagonal covering the
range of the elemental tasks performed exclusively by the autonomous feedback and Nu its nullspace
with tasks controlled partially or totally by the patient through the joints in the range of Rp. As an
example, when autonomous processes control COGx and trunk attitude and the patient controls the
height of the pelvis through the knee, the matrices Ru and Rp are:

Ru =

⎡
⎢⎣1 0 0

0 0 0
0 0 1

⎤
⎥⎦ , Rp =

⎡
⎢⎣0 0 0

0 1 0
0 0 0

⎤
⎥⎦ , (14)

or, the patient, through knees and hips, controls height and attitude of the trunk, with the balance,
through COGx, guarateed automatically, the matrices Ru and Rp are:

Ru =

⎡
⎢⎣1 0 0

0 0 0
0 0 0

⎤
⎥⎦ , Rp =

⎡
⎢⎣0 0 0

0 1 0
0 0 1

⎤
⎥⎦ . (15)
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The postural tasks in the range of Ru are completely controlled by the postural feedback, while
the complementary tasks in its null-space Nu are jointly controlled by the feedback and by the patient,
through the joints in the range of Rp, according to the value of a coefficient 0 � β � 1. β indicates the
level of the patient’s involvement in the control: tutoring is when β = 0, coordination is when β = 1,
cooperation is when β > 0 and β < 1. As the coefficient β modifies the admittance filter gain, it has,
also, influence on the compliance felt by the patient on the joints in the range of Rp (in fact, the joints
in its null-space, not being controlled by the patient, don’t offer any compliance): β = 0 completely
stiff joints, β = 1 fully compliant.

The general expression for the references of the speed control of the actuators, merging
automatic postural control and patient action through EMG signals, according to tutoring-cooperation-
coordination is:

θ̇re f (t) = J−1 · up(t) + Rp · θ̇p(t) · β

up = (Ru + Nu · (1 − β)) · u − F · Rp · θ̇p · β
(16)

where F = Ru · J, and with the condition

range(Nu) ⊂ range(J · Rp). (17)

The proof of Equation (16) is presented in Appendix C.
During phase 1, while the torque control operates on ankle and knee, the COG tracking (9) is

modified as follows
θ̇hipre f

(t) = J13
−1 · uCOG(t) · (1 − β) + θ̇hipp(t) · β. (18)

Moving β from 0 to 1, the physiotherapist increases the admittance of the joints, so that the
patient gains more and more control of them. Changing Ru to the zero matrix, and Rp to the identity,
with β = 1, the patient assumes complete control of the exoskeleton. In this condition, the autonomous
control can continue to monitor the postural balance, and eventually, it inhibits incorrect patient
postures, by automatically returning β to 0.

5. A Simulation Example and Comparisons

In this section the simulation of the automatic control is offered. The test of the complete exercise
on the exoskeleton of Figure 7 has not been performed yet. However, in [6] several examples (phase 2
only) of the transition with the cooperation of the patient using this control have been reported.

The simulation uses the same data of a patient of 75 kg, 1.8 m tall wearing an exoskeleton of 35 kg
presented in [6]. The model considers only one leg and the weight of the trunk (hat) is divided by
2. So that the magnitudes of forces (N) and torques (Nm) are referred to each leg. The exercise lasts
3 s. Approximately at 1.5 s the transition from phase 1 to phase 2 occurs, with the lift off. The COM
preview for a step transiton of the ZMP of Figure 2 has been chosen, testing different values of the
parameter COGz. Different experiments, with different degrees of difficulty, obtained with the feet in
different positions with respect to the initial value of COGx, i.e., to the chair, have been performed.
Each position is characterized by the angle of the ankles from 10◦ to 45◦ when sitting, (i.e., feet far away
from the chair and exercise more difficult, in the first case, or feet under the chair and easier exercise,
in the second case). The lift-off time and transition from phase 1 to phase 2 is triggered when the
module of the reaction forces on the pelvis enter into a neighbour of few Newtons of the zero. During
phase 2, simple transition functions drive knees and trunk attitude angle positions and velocities from
their initial values, left from phase 1, to zero in 1.5 s. The next figures represent the most difficult
experiment (experiment 1) that can be performed using this control with ankle angle of 10◦. With a
lower angle, e.g., 5◦, the CoP cannot be guaranteed to remain inside the foot print. The behavior of
reaction forces and torques are shown in Figure 8.
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Figure 7. The prototype exoskeleton for the sit-to-stand exercise.

Figure 8. The behavior of reaction force on the hip and torque on the foot: experiment 1.

The behavior of COGx and ZMPx during the transition is given in Figure 9. The position of Anklex is 0.

Figure 9. The behavior of COGx and ZMPx during the transition: experiment 1.
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The torques at the joints are in Figure 10.

Figure 10. The torques at the joints: experiment 1.

Figure 11 shows the animation of the exercise.

Figure 11. The animation of the exercise: experiment 1.

Figure 12 shows how the hat and knee angles track the references.
It is interesting to see the estimates CÔGx, ZM̂Px theoretical assuming no disturbances and ZM̂Px

actual (i.e., the CoP), along with the estimate of the disturbances, i.e., the reaction forces on the chair,
obtained by the extended estimator [17]. These are given in Figure 13.

The performance of the exercise, expressed as the ratio between the change in potential energy
and the total work consumed to complete the motion, as defined in [11] is 60%, and the maximum
angle reached by the trunk is 79◦. As oppose, the remaining figures, from Figures 14–18, show a
relatively easy exercise (experiment 2) with an ankle angle of 45◦. The performance here is 95% with a
maximum trunk angle value of 11◦. To show the robustness of the control this exercise was performed
with the identical control parameters of the previous experiment.
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Figure 12. The tracking of hat and knee angles: experiment 1.

Figure 13. Estimates of COG and ZMP resulting from the extended estimator accounting for the
pelvis-chair disturbances: experiment 1.

Figure 14. The behavior of reaction force on the hip and torque on the foot: experiment 2.
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The behavior of COGx and ZMPx during the transition is given in Figure 15.

Figure 15. The behavior of COGx and ZMPx during the transition: experiment 2.

The torques at the joints are in Figure 16.

Figure 16. The Torques at the joints: experiment 2.

Figure 17 shows the animation of the exercise, while Figure 18 shows how the hat and knee angles
track the references.

Figure 17. The animation of the exercise: experiment 2.
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Figure 18. The tracking of hat and knee angles: experiment 2.

6. Conclusions

The paper approaches the sit-to-stand exercise under two aspects: analysis of the dynamics of
the exercise/design of the feedback control of an autonomous biped device, and its application to an
haptic exoskeleton with the cooperation of a patient.

In regard to the autonomous execution of the exercise, several authors have argued that two
components are involved in solving the control problem in the humanoid STS motion: (1) phase and
trajectory planning, and (2) feedback control.

With respect to the former, the most significant are the COM preview to follow in the transition,
and the time coordination between motion of the hips and torques on ankles and knees in phase 1.
From the experiments, the chair reaction forces, the knee angle and trunk attitude to reach an erect
posture are not critical. The COM preview can be synthesized by exploiting the linearized inverted
pendulum model, with basis the step transition of the ZMP, and selecting the appropiate parameter
COGz. The value of this parameter is not necessarily identical to the real height of the COG of the
biped, but it is chosen according to the difficulty of the exercise. This difficulty here is represented by
the distance of COGx, i.e., the chair, from the feet when sitting. The design parameter COGz can explain
the Alexander STS technique. If its value is lower or equal than the height of the COG, the transition is
steep, the lift off is early, the biped will be in dynamical balance, with the COGx still far from the feet,
and with a relatively high trunk angular velocity to be conveyed in the successive lift motion, on the
contrary if the transistion is slower, the balance will be almost statical with the COGx already under
the feet, and the trunk attitude almost stationary. Based on these elements, the final trajectories can
easily be planned to reduce maximum torque on the joints and energy expenditure. In the simulated
experiments, two examples are considered: one is difficult with a performance, expressed as the ratio
between the change in potential energy and the total work consumed to complete the motion of 60%,
with the trunk reaching a maximum angle of 79◦; the other is relatively easy with a performance of
95% and a maximum trunk angle of 11◦.

With respect to the latter, exploiting the inverse or pseudo-inverse of Jacobian matrices and a
linearized inverted pendulum model of a simple linear feedback, based on feet and chair pressure
sensors, and position/velocity measures of the joint angles, can be obtained either for joint velocity
or torque controls. This feedback requires a limited number of model parameters and design gains
without the need to perform cumbersome inverse kinematics or dynamics. Symbolic environments
such as Autolev can offer efficient expressions for the necessary Jacobians that can be computed in
real time.
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When the postural control is applied to an exoskeleton interacting with a patient, the paper
proposes an innovative approach to blend the patient’s actions with the automatic execution of
the exercise. Several options are offered by the approach for proposing protocols of physiotherapy
tracking the evolution of the process of rehabilitation, in terms of strenght of the support offered by
the exoskeleton, and specific joints and postural tasks to be controlled by the patient. The process
of rehabilitation can start with a complete tutoring of the patient, evolving to a cooperation between
automatic control and patient on the same postural tasks and jonts, e.g., reaching an erect posture
moving the knees, or a coordination between the two players operating on different tasks, e.g., the patient
raises the pelvis and rotates the trunk through knees and hips while an automatic balance is guaranteed
with a feedback on the ankles.

An exoskeleton for this specific exercise has been built, and some preliminary tests of phase 2
have been documented in a previous paper. However, more work is needed in future research: testing
a complete exercise using the exoskeleton, not only during phase 2; decoupling the interaction not only
from joints to elemental postural tasks, but also vice versa; generalizing the admittance filters from
single joints and related muscles to multivariable filters processing the vector of the available EMG
signals to collectively control all joints. This will be obtained exploiting muscle synergies, and training
artificial neural networks that directly link EMG patterns to motion.

Author Contributions: Methodology, G.M. and M.G.; writing—original draft, G.M.; writing—review & editing,
M.G.

Funding: This research has been partially supported by MIUR the Italian Ministry of Instruction, University and
Research and the Piedmont Region.
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Appendix A. Derivation of the Velocity Controls of Section 3.3.1

The COG tracking requires a preliminary disussion of the COG − ZMP estimator. Evaluations
of COGx and CȮGx are obtained from the joint angle measures through a SESC model [21], while
ZMPx is given by measuring the center of pressure under the feet (CoP). These outputs, using the
state estimator based on an extended inverted pendulum described in the parent paper [17], generate
in real time the estimates needed to close the loop: CÔGx, C ˆ̇OGx, ZM̂Px (the theoretical value in the
assumption of no disturbances) and δ̂, the difference between ZMPx and CoP, needed to take into
account the chair-pelvis contact. Then, the feedback return difference signals, at each sampling time, is:

u(t) =

⎡
⎢⎣uCOG(t)

uhat(t)
uknee(t)

⎤
⎥⎦ (A1)

where uCOG(t) refers to to the COG tracking

uCOG(t) = CȮGxre f (t)+

kp1 · (COGxre f (t)− CÔGx(t)− δ̂)

+kv1 · (CȮGxre f (t)− CÔGx(t))

−kz · (ZMPxre f (t)− ZM̂Px(y)− δ̂)

(A2)

uhat(t) refers to to the trunk attitude tracking

uhat(t) = θ̇hatre f
(t) + kp2 · (θhatre f

(t)− θ̂hat(t))

+kv2 · (θ̇hatre f
(t)− ˆ̇θhat(t))

(A3)
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and uknee(t) refers to the knee angle tracking

uknee(t) = θ̇kneere f
(t) + kp3 · (θkneere f

(t)− θ̂knee(t))

+kv3 · (θ̇kneere f
(t)− ˆ̇θknee(t))

(A4)

Equation (A2) was originally suggested by Choi in [16] and extended in [17], while (A3) and (A4)
are basically a proportional-derivative feedback with a feedforward contribution.

During both phase 1 and 2 a preview COGxre f of the type of those in Figure 4 has been chosen,
specifically the one of Figure A1, to transfer COGx from the starting position during sitting to Anklex.

Figure A1. The COG preview signal for the sit-to-stand transition adopted in the examples.

For phase 2 θhatre f
, θkneere f

are the references to bring the patient to a standing posture. θkneere f
has

no special characteristics, it simply imposes a transition to the knee angle during the desired period
from sitting to standing, vice versa, θhatre f

is chosen to take trunk attitude position and velocity from
lift-off values at the end of phase 1 to zero (Figure 12).

kpi , kvi , i = 1 − 3, kz are the feedback gains.

Appendix B. Derivation of Torque Controls of Section 3.3.2

For torque control during phase 1, Equations (3) are used to solve the following weighted least
square scheme:

Λ ·

⎡
⎢⎢⎣

Ty f ootre f
− Ty f oot

Fxhipre f
− Fxhip

Fzhipre f
− Fzhip

⎤
⎥⎥⎦ ≈ Λ · M ·

[
Tankle
Tknee

]
(A5)

and

M =

⎡
⎢⎣M11M12

M21M22

M31M32

⎤
⎥⎦ (A6)
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where Λ is a diagonal matrix of weighting factors, with solution

[
T∗

ankle
T∗

knee

]
= M+ ·

⎡
⎢⎢⎣

Ty f ootre f
− Ty f oot

Fxhipre f
− Fxhip

Fzhipre f
− Fzhip

⎤
⎥⎥⎦ (A7)

M+ = (MTΛ2M)−1Λ2MT , (A8)

Appendix C. Proof of Equation (16)

Consider the building block diagram Figure A2. It implements Equation (16), and shows the
generation of the θ̇re f with both autonomous control and patient’s contribution. With block diagram
manipulations advance the patient’s contribution θ̇p before J−1 from joint to Cartesian space.

The speed signals in the Cartesian space result as

(Ru + Nu · (1 − β)) · u + (I − Ru) · J · Rp · θ̇p · β (A9)

It should be noted that I − Ru = Nu, then

(Ru + Nu · (1 − β)) · u + Nu · J · Rp · θ̇p · β (A10)

Condition (17) assures that the action of the patient on the joints in the range of Rp encompasses
all postural tasks not covered by the automatic control.

Equation (A10) can be interpreted as follows:

• If β = 0, all tasks are controlled by the feedback loop;
• If β = 1, tasks in Ru are controlled by the feedback loop, while tasks in Nu are controlled by the

patient, that, obviously must coordinate his action with the other tasks;
• If 0 < β < 1, tasks in Ru are controlled by the feedback loop, while tasks in Nu are jointly

controlled by the feedback loop and by the patient, blended by the coefficient β.

Figure A2. Integrating autonomuos control and patient action in controlling the joints of
the exoskeleton.
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Abstract: A deep analysis of ankle mechanical properties is a fundamental step in the design of
an exoskeleton, especially if it is to be suitable for both adults and children. This study aims
at assessing age-related differences of ankle properties using pediAnklebot. To achieve this aim,
we enrolled 16 young adults and 10 children in an experimental protocol that consisted of the
evaluation of ankle mechanical impedance and kinematic performance. Ankle impedance was
measured by imposing stochastic torque perturbations in dorsi-plantarflexion and inversion-eversion
directions. Kinematic performance was assessed by asking participants to perform a goal-directed task.
Magnitude and anisotropy of impedance were computed using a multiple-input multiple-output
system. Kinematic performance was quantified by computing indices of accuracy, smoothness,
and timing. Adults showed greater magnitude of ankle impedance in both directions and for all
frequencies, while the anisotropy was higher in children. By analyzing kinematics, children performed
movements with lower accuracy and higher smoothness, while no differences were found for the
duration of the movement. In addition, adults showed a greater ability to stop the movement when
hitting the target. These findings can be useful to a proper development of robotic devices, as well as
for implementation of specific training programs.

Keywords: ankle impedance; kinematic performance; pediAnklebot; robotics; measurements

1. Introduction

In recent years, advanced technologies have allowed robot-mediated therapy to become a
prominent solution for rehabilitation, as an alternative and/or a supporting solution to traditional
rehabilitative programs [1,2]. Robotic devices permit intensive, controlled, and tailored rehabilitation,
as well as reducing the therapist’s burden [3]. Since the ability of locomotion is fundamental to avoid
the worsening of the quality of life [4], one of the main challenges in the robotic field is the design and
development of robots for ankle rehabilitation [5]; in fact it is well-known that the ankle joint plays
essential roles during walking, such as shock absorption, propulsion, lower limb coordination,
adaptation to different environments, and maintenance of stability [6]. From this perspective,
an appropriate design of robotic devices for the ankle joint is required for: (i) rehabilitating people
affected by neuromuscular diseases [7,8]; (ii) restoring athletes after injuries [9]; and, (iii) augmenting
human strength and endurance in industrial and military applications [10,11]. Through the aim of ankle
robotic device development, a full insight into kinematic performance and dynamic characterization
of ankle appears to be mandatory in order to design robots that operate in accordance with human
behavior, leading to a stable and effective physical human–robot interaction [12].

As regards the kinematic performance, several experimental protocols have been developed for
quantifying kinematic indices using a robotic device. Among the protocols developed for kinematic
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Robotics 2019, 8, 96

performance evaluation, goal-directed movements through the use of serious games represent the
most commonly adopted approach in clinical settings [13–16]. Generally, goal-directed tasks are used
to understand how the central nervous system optimizes kinematic parameters, such as movement
accuracy, smoothness, and speed, when a dynamic task is required [14]. These factors can be also
considered the most relevant to be pursued for a proper design of a robotic ankle [12]. However,
few studies have been conducted to evaluate ankle kinematic performance during goal-directed
tasks. Michmizos and Krebs evaluated the relationship between the speed and the accuracy in
both dorsi-plantar (DP) and inversion-eversion (IE) movements performed by adults, assessing the
possibility to describe this relation with Fitt’s law [17]. The same authors, in [18], compared several
models of speed profile in ankle pointing movements, finding that the best fitting models were those
already used for upper limbs during pointing movements.

By moving to the dynamic characterization, ankle impedance represents one of the main properties
to monitor during rehabilitation programs, as it is one of the most important mechanical components
involved in lower body stability during locomotion [19], providing fundamental information for
designing robotic devices physically interacting with human lower extremities [20]. In addition, it has
been already demonstrated that neurological diseases lead to a significant deterioration of ankle
impedance, with respect to healthy subjects [21]. The application of dynamic perturbations to the
examined anatomical joint and successive analysis of torque vs. angle graphs is currently the most
widespread methodology for the measurement of the dynamic joint mechanical impedance [20,22–24].
Different studies have been proposed in the literature for the objective measurement of ankle impedance
in adult subjects. More specifically, Lee et al. validated a stochastic methodology for the quantification of
ankle impedance, considering dumping, stiffness, and further dynamic aspects [25,26]. The innovative
aspect proposed by the authors is related to the feasibility of impedance evaluation in multiple
directions, overcoming the limits of the previously proposed approaches [27–29]. Following a similar
approach, Dallali et al. evaluated ankle impedance in the external-internal direction by analyzing the
lower limb muscle activation and by applying an artificial neural network that achieved accuracy of
85% in the impedance estimation [22]. Conversely, in the literature, a limited number of studies have
focused on ankle impedance evaluation in children. Alhusaini et al. [30] assessed ankle impedance by
analyzing the responses to imposed movements in dorsi-plantarflexion in children with cerebral palsy
(CP), while Martelli and colleagues [23] applied the methodology proposed by Lee [25] to quantify the
effects of botulinum toxin on dynamic ankle impedance.

Currently, the design of robotic devices for the rehabilitation of children is an increasingly
appealing and challenging field [16,31–34]. However, properly scaling robotic devices designed for
adults to match the characteristics of children, remains an existing challenge, and is generally recognized
as an important goal to achieve in the robotic field [35]. Considering this aspect, the quantification
of age-related differences in terms of kinematic and dynamic performance clearly represents the
starting point. However, no studies, to the best of the authors’ knowledge, have been conducted for
investigating the age-related differences in terms of ankle impedance between adults and children,
as well as regarding kinematic performance, such as accuracy and smoothness, during goal-directed
movements. Thus, this study aims at providing full insight into the ankle properties’ maturation
by comparing kinematic and dynamic performance indices in both DP and IE directions related to
healthy young adults and healthy children using a robotic device. The outcomes of the study could
offer important guidelines for the correct design and development of robotic devices and rehabilitation
protocols addressed for adults and children, as well as serving as a starting point for solving the issue
related to the scalability of robotic devices.

206



Robotics 2019, 8, 96

2. Materials and Methods

2.1. Subjects

Sixteen healthy adults aged from 22 to 30 years old and ten healthy children aged from 5 to 9 years
old were enrolled in the study. The inclusion criteria were: (i) absence of neurological and visual
deficits, (ii) physiological range of motion (ROM) for ankle, (iii) adequate anthropometric measures in
order to freely move the ankle in the robot workspace, and (iv) right footedness. The dominant leg
was established by asking them to kick a ball [36].

Written informed consent was obtained from all subjects. The protocol was compliant with the
ethical standards outlined in the Declaration of Helsinki.

2.2. Experimental Setup and Procedure

All measurements were conducted by means of the pediAnklebot [31]. Subjects were seated in
front of a monitor with knee flexed at 45◦. They wore a knee brace fixed to the limb by means of Velcro
straps, and a shoe of proper size, firmly tightened to the foot with shoelaces to prevent foot slippage.
The main body of the robot was attached to the knee brace and the end-effectors were connected to
the bracket attached to the bottom of the shoe. The calf of the subjects leaned against an aluminum
support, covered with foam rubber and linked to the chair. The robot was laterally attached to the
chair to ensure collected data were free from the weight of the robot and to improve repeatability.

The robot was equipped with two linear encoders and two load cells to acquire displacements
and forces of each end-effector at 200 Hz. From the acquired data, rotations and moments of the ankle
were obtained as reported in [29,37]. The robot was mainly designed for children, but can be used
by adults in the sitting configuration, by changing the dimensions of shoe and knee brace, and using
a new ad-hoc developed linkage between the brace and chair. Different anthropometric features
across enrolled subjects do not affect moment arm, which only depend on robot design. In particular,
torque was computed from the sensors as follows [29]:

τDP =
(
Fright + Fle f t

)
xlength (1)

τIE =
(
Fright − Fle f t

)
xwidth (2)

where τDP and τIE are the dorsi-plantar and inversion-eversion net torques at the ankle joint; Fright and
Fle f t are the forces measured by the right and left force sensors; and xlength and xwidth are the distances
between the line of action of the actuator force and the point of attachment between the ankle and
robot in the sagittal and the frontal planes, respectively. The experimental setup is shown in Figure 1.

Figure 1. Experimental setup: an adult (a) and a child (b) wearing the robot.
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The experimental protocol consisted of two different phases: the first aimed at the evaluation of the
ankle mechanical impedance, while the second aimed at the evaluation of ankle kinematic performance
in a goal-directed task. Before starting the experimental procedure, the initial and reference positions
were set by positioning the foot at 90◦ relative to the shank, for both the experimental phases. In addition,
each participant performed a familiarization session that lasted until participants felt familiar with the
equipment and the tasks. All subjects performed the entire protocol with the dominant limb.

2.2.1. Dynamic Ankle Impedance Evaluation

During the first experimental phase, the robot applied random stochastic torque perturbations to
the ankle, both in IE and DP directions for 60 s, with a random white noise signal characterized by
no periodicity in time and a flat spectrum in a frequency range of 0–100 Hz. In particular, the torque
perturbation ranged between ±12.82 Nm in the IE direction and ±21.11 Nm in the DP direction,
for both adults and children. The voluntary reactions of the participant were minimized due to the
random nature of the chosen perturbation [38]. The commanded torques and corresponding angular
displacements at the ankle were recorded at 200 Hz. Recorded data were expressed in the IE-DP space,
which defined the joint coordinates.

2.2.2. Ankle Motor Performance Evaluation

In the second experimental phase, subjects carried out a goal-directed task, playing an
in-home-developed serious game [14], based on the one proposed by Michmizos et al. [17]. In particular,
subjects were asked to move a pointer controlled through ankle rotations in both sagittal (DP direction)
and frontal (IE direction) planes, in order to hit targets appearing on the game scene alternatively at
the top and at the bottom of the game scene. Subjects were instructed to reach the targets as fast as
possible without stopping during the movement, to stop the ankle movement as soon as the target was
reached, and to wait until a new target appeared on the scene. The game scenario is shown in Figure 2.
The pointer (yellow dot) could be moved in every part of the scene by means of ankle rotations both in
the frontal plane, i.e., inversion-eversion (IE), and in the sagittal plane, i.e., dorsi-plantarflexion (DP).
Then, each point of the game scenario was described by 2 coordinates (x and y) that corresponded
to the inversion and plantarflexion angles, respectively. The coordinates of the two target centers
reported in the ankle reference system were: 0◦ in inversion-eversion and 10◦ in dorsiflexion for the
up-target, and 0◦ in inversion-eversion and −10◦ in plantarflexion for the down-target. One second
after hitting the target, a new target appeared in the opposite position. This experimental phase
consisted of 2 blocks of 40 targets, 20 up (up-targets) and 20 down (down-targets), making a total of
80 goal-directed movements for each subject.

Figure 2. Scenario of the game with up-(a) and down-targets (b) for the ankle motor
performance evaluation.
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2.3. Data Analysis

Data acquired by the sensors of the robot were processed offline. Regarding the evaluation of
dynamic ankle impedance, multiple-input multiple-output (MIMO) system identification was used on
the recorded signals, in accordance with Lee et al. [39], whereas, for the characterization of ankle motor
performance in the goal-directed task, a set of kinematic indices was computed.

2.3.1. Dynamic Ankle Impedance Evaluation

A brief description of the MIMO system identification methodology is here reported for clarity.
The MIMO system is characterized by 2 input and 2 output signals that are the commanded torques (τ)
and the corresponding angular displacements (ϑ) at the ankle, respectively.

τ = (τIE, τDP) (3)

ϑ = (ϑIE, ϑDP) (4)

The first 200 samples of each signal were ignored to remove mechanical noise due to
motor activation.

To obtain ankle impedance (ZAnkle), mechanical admittance (YCL) of the closed-loop system was
firstly identified:

ϑ = YCLτ (5)[
ϑIE

ϑDP

]
=

[
YIE, IE( f ) YIE, DP( f )
YDP, IE( f ) YDP, DP( f )

][
τIE

τDP

]
(6)

Finally, mechanical impedance of the closed loop system (ZCL) was obtained from the inverse of
mechanical admittance (YCL):

τ = YCL
−1ϑ = ZCLϑ (7)

ZCL =

[
ZIE, IE( f ) ZIE, DP( f )
ZDP, IE( f ) ZDP, DP( f )

]
(8)

Since the ankle and the robot shared the same displacement, the impedance of the closed loop
system is the parallel between robot and ankle impedances. Thus, to obtain ZAnkle, the impedance
component due to the robot dynamics was subtracted from ZCL. Bode plots of ankle impedance ZAnkle

in both IE and DP direction were determined.
Power spectral density of YCL was estimated using Welch’s periodogram approach. The number

of fast Fourier transform points was set at 1024, thus obtaining a spectral resolution of 0.19 Hz, and a
periodic Hamming window was used, with a 50% overlap of the window size. These parameters were
chosen considering a trade-off among spectral resolution, bias error, and variance of estimation [38].

Directional variation (anisotropy) of ankle impedance in two DOFs (Degree of Freedom) was
evaluated applying rotations from 0◦ to 90◦ (step of 1◦) to the original joint coordinates, thus obtaining
the impedance magnitude for each rotation in the space defined by IE and DP directions. Then,
the ankle impedance was represented through a polar plot, to obtain the Direction Depend Map (DDM)
(Figure 3). Ankle impedance was analyzed as a function of frequency, by dividing the analyzed range of
frequencies into three bands: low (0 Hz ≤ f ≤ 2 Hz), mid (2 Hz < f ≤ 5 Hz), and high (5 Hz < f ≤ 8 Hz)
frequency ranges. These ranges are named, hereafter, LF, MF, and HF, respectively. The ranges were
selected from the results of Bode plot analysis. In particular, Bode plots were consistent with a second
order system, characterized by a stiffness dominated region below 2 Hz, whereas inertial component
was not negligible starting from 5 Hz. Beyond approximately 10 Hz, Bode plots showed oscillations
that can be ascribed to vibrational modes of shoe bracket and of the chair that the robot was attached
to [23]. Impedance ZAnkle was averaged in each range and the following parameters were evaluated:
ZIE, ZDP, ZRatio, and Φ. Specifically, ZIE and ZDP represent ankle impedance magnitude in IE and
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DP directions, respectively; and ZRatio and Φ were defined as shape and orientation index of DDM,
respectively. ZRatio represents the ratio between minimum (Zmin) and maximum (Zmax) values of ankle
impedance and quantifies how accentuated is the “peanut” shape of DDM: the closer ZRatio is to 1,
the more the peanut shape is transformed into a circumference. Φ is the absolute value of the angle
between ZDP and the direction individuated by Zmax, and quantifies how the DDM is tilted with respect
to the DP direction.

 

Figure 3. Example of direction dependent map (blue line) and the evaluated parameters (ZIE, ZDP,
Zmax, Zmin, and Φ).

2.3.2. Ankle Motor Performance Evaluation

The recorded position of the pointer was filtered with a 6th order, zero phase shift low-pass
Butterworth filter, with a cut-off frequency of 10 Hz, and then differentiated, with a two-point
differentiation, to obtain speed, acceleration, and jerk. The global data obtained from each subject
were divided into single goal-directed movements and grouped into plantarflexion (down-target) and
dorsiflexion (up-target) movements. Each movement was assumed to start when the speed magnitude
became greater than 10% of the peak speed; the movement was assumed to end when the speed
dropped and remained below 10% of the peak speed [40].

Trajectories were accurately screened and discarded if one of following cases occurred: (i) the
movement began before the new target appearance, i.e., the initial velocity was not equal to zero,
and (ii) when the subject stopped the ankle movement before reaching the target. The number of
discarded trials was lower than 5% for each subject. For the characterization of movement kinematics,
a set of indices was computed and grouped into: (i) accuracy and smoothness indices, (ii) temporal
indices, and (iii) stopping indices.

The first group comprises the lateral deviation (LD) and the normalized jerk (NJ), as accuracy and
smoothness indexes, respectively. In particular, LD is defined as the highest deviation from the straight
line connecting the starting and the target position. The LD value decreases when the movement
accuracy increases. NJ is the normalized jerk, as proposed by Teulings et al. [41]. Lower values of NJ
indicate smoother movements.

The set of temporal indices is constituted by the duration of movement (T), the time position
symmetry (TPS), and the time velocity symmetry (TVS). T is the time between the movement onset
and the movement termination, which was evaluated according to the speed threshold. The remaining
two indices quantify the temporal symmetry of kinematic parameters of the trajectory. In particular,
TPS is defined as follows:

TPS =
ΔtE

T
(9)
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TPS represents the temporal duration (ΔtE) of the eversion rotations with respect to the total
duration of the trajectory. In fact, when the foot is moved upward or downward, the corresponding
rotation should be a pure dorsiflexion or plantarflexion, but actually a component of inversion or
eversion is always present. TPS ranges from 0 to 1. If the TPS value is equal to 0.5, it means
an equal temporal duration of the inversion and eversion rotations during dorsi-plantarflexion
movements. A value of TPS higher than 0.5 means a prevalence of eversion with respect to inversion
rotations, and vice versa, a value lower than 0.5 means a prevalence of inversion. Thus, TPS can
be considered a measure of the contribution of the ankle rotation around the secondary movement
axis, i.e., inversion/eversion, in dorsiflexion/plantarflexion. TVS is defined as the time tv in which the
velocity peak occurred, normalized to the duration the trajectory.

TVS =
tv

T
(10)

TVS ranges from 0 to 1. The closer TVS is to 1, the more the velocity peak occurs close to the end
of the trajectory. Thus, a TVS value close to 0.5 represents a perfect bell-shaped trajectory, in which the
peak speed is close to the middle of the trajectory.

The stopping indices are delay (ΔT) and dispersion (σtrj). They evaluate the ability of the subject
to stop the movement once the target is reached [13]. ΔT represents the temporal delay, normalized
to T, between the time in which the subject hits the target and the end of the movement evaluated
accordingly to the velocity threshold. A ΔT value close to zero indicates that the subject rapidly stops
the ankle movement after hitting the target. σtrj is defined as:

σtr j = std
√
(dIE −CIE)

2 + (dDP −CDP)
2 (11)

where dIE and dDP are the coordinates of the trajectory performed after hitting the target, and CIE and
CDP are the coordinates of the target center position. Thus, σtrj is a measure of the dispersion of the
trajectory travelled after hitting the target. Low values of σtrj imply a trajectory confined in a small area.

All the aforementioned indices were evaluated for both dorsiflexion and plantarflexion movements.

2.4. Statistical Analysis

A two-way repeated measures ANOVA was performed on ZIE, ZDP, ZRatio, and Φ considering,
as independent variables, the age (adults vs. children) and the frequency range (low, mid, and high
frequency). If the interaction effects were significant, the interactions were broken down by comparing
each age at each frequency with a one-way repeated measures ANOVA and, vice versa, with an
unpaired t-test. A Bonferroni test for multiple comparisons was performed when statistical differences
were found. All data were tested for normality with the Shapiro–Wilk test and sphericity was checked.
If sphericity was violated, Greenhouse–Gasser correction was applied.

A two-way repeated measures ANOVA was performed on all the kinematic indices to
find differences between age and movement direction. If the interaction effects were significant,
the interactions were broken down by comparing each age at each movement direction with an
unpaired t-test and, vice versa, with a paired t-test. All data were tested for normality with a
Shapiro–Wilk test.

The significance level was set to 0.05 for all performed tests.

3. Results

3.1. Ankle Impedance

Mean and standard deviation values of ZIE, ZDP, ZRatio, and Φ averaged across subjects for the
tree frequency range (LF, MF, HF) are reported in Figure 4.
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Figure 4. Means and standard deviations of the ankle impedance parameters ZIE, ZDP, ZRatio, and Φ
averaged across subjects related to adults and children for all frequency ranges (LF, MF, and HF).
Asterisks denote statistical differences (p < 0.05).

ZIE was higher for adults with respect to children for all the frequency ranges (p < 0.01). Moreover,
it was higher in HF with respect to both MF and LF, and in MF with respect to LF, for both adults and
children (adults: HF vs. MF, HF vs. LF, and MF vs. LF: p < 0.01; children: HF vs. MF, HF vs. LF,
and MF vs. LF: p < 0.01). As regards ZDP, it showed higher values for adults than children, in all
frequency ranges (p < 0.01). Furthermore, ZDP was higher in HF with respect to both MF and LF, and in
MF with respect to LF (p < 0.01 for all the comparisons).

Considering ZRatio, it showed lower values for adult subjects than children in LF (p < 0.01),
MF (p = 0.02) and HF (p = 0.01), whereas no differences were found between frequency ranges.

Finally, Φ was lower in the adult group for all frequency ranges. Moreover, considering the
children group, Φ was higher in HF with respect to both MF (p < 0.01) and LF (p < 0.01). No differences
were found among frequency ranges for adult subjects.

The representation of DDM as a function of frequency is reported in Figure 5, through two
representative examples related to adults (Figure 5a) and children (Figure 5b). It emerged that the
characteristic peanut shape remains unchanged for all the frequencies in both adults and children,
whereas the impedance magnitude is different between the two cohorts in the whole DP-IE space and
for all frequencies. Finally, the orientation of DMM with respect to the DP axis remains unaltered in
the adult whereas it visibly rotates in the child.
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Figure 5. Example of directional variation (anisotropy) of ankle mechanical impedance as a function of
frequency related to a representative subject of the adult group (a) and of the child group (b).

3.2. Kinematic Indices

Mean and standard deviation of all the kinematic indices averaged across subjects for both
plantarflexion and dorsiflexion movements are reported in Figure 6.

For all the indices, except NJ, the interaction factor was significant. In particular, as regards the
accuracy index (LD), no differences were found between plantarflexion and dorsiflexion movements
related to the same group. Instead, LD was higher in children than adults for both plantarflexion
(p < 0.01) and dorsiflexion (p < 0.01) movements. The opposite occurred for the smoothness index (NJ),
which showed higher values in the adult group for both plantarflexion and dorsiflexion movements
(p = 0.04).

As regards the temporal indices, no differences were found for the duration of the movement
(T), neither between age or movement direction. Considering TPS, it showed higher values in adults
for plantarflexion movements (p = 0.05), whereas the opposite occurred for dorsiflexion movements
(p < 0.01). Moreover, TPS was higher in dorsiflexion than in plantarflexion movements (p < 0.01)
related to the child group, and no differences were found between dorsiflexion and plantarflexion in
the adult group. Finally, TVS showed lower values in the adult group, for both plantarflexion (p < 0.01)
and dorsiflexion (p = 0.03) movements. Furthermore, TPS was higher in plantarflexion with respect to
dorsiflexion in the child group (p < 0.01).

Considering the stopping indices, ΔT was higher in children for both plantarflexion (p < 0.01) and
dorsiflexion (p = 0.01) movements. Additionally, ΔT was higher in plantarflexion than in dorsiflexion
for both adults (p < 0.01) and children (p < 0.01). A similar behavior was found for σtrj, which showed
lower values in the adult group, for both plantarflexion (p < 0.01) and dorsiflexion (p < 0.01) movements.
Moreover, σtrj was lower in dorsiflexion than in plantarflexion for both adults (p < 0.01) and children
(p < 0.01).
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Figure 6. Means and standard deviations of the kinematic parameters averaged across subjects
related to adults and children, grouped in plantarflexion (plantar) and dorsiflexion (dorsi) movements.
(Top row): accuracy and smoothness indices, (mid row): temporal indices, (bottom row): stopping
indices. Asterisks denote statistical differences (p < 0.05).

4. Discussion

With the aim of investigating age-related differences of ankle mechanical properties, we compared
ankle mechanical behaviors, in terms of ankle impedance and kinematic performance, of children and
young adult subjects. The experimental protocol was performed using pediAnklebot, a robotic device
for the ankle joint.
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4.1. Age-Related Differences of Ankle Impedance

The results of both groups confirm that ankle impedance in DP and IE directions assumes a peanut
shape in the diagram of DP vs. IE, as also reported in [23,25]. This finding indicates that the two
examined populations are characterized by a similar behavior, i.e., a greater value of impedance in DP
rather than in IE direction, even though all the examined children were less than 14 years, which is
recognized as the age of complete maturation of the ankle joint [42].

Despite the similar shape, statistical differences were found for the magnitude values of impedance
in both directions. These differences can be ascribed to the incomplete maturation of elastic properties
of tendon structures that lead to an incorrect transmission of force exerted by muscle to the bone [43].
In addition, our outcomes are in accordance with [44], confirming that ankle stiffness increases with
age and stature. The lowest values of ankle impedance found for children can be also considered one
of the main causes of the dynamic instability of children when walking [33,42]. In fact, a complete
development of lower limb joints guarantees a natural interaction between limbs and the environment,
and a proper value of ankle impedance allows correct regulating and controlling movements [45].

Differences among frequencies in both groups are in line with the concept that ankle impedance is
characterized by different behaviors according to the frequency range [25]. More specifically, the size
of the peanut shape rapidly increases with the frequency, indicating that the contribution to the ankle
impedance of the inertia is dominant at high frequencies, whereas, at low and medium frequencies,
stiffness and viscosity represent the main contributions to the impedance magnitude value, since the
size of the peanut remains stable [39].

By moving to the analysis of shape parameters, we can state that ankle impedance was highly
direction dependent, being weak in IE direction, in all examined range frequencies. This outcome can
be considered as one of the main sources of the greater prevalence of ankle injuries in IE direction in
both adults and children [46]. In addition, this anisotropy is more evident in children rather than in
adults, as confirmed by the statistical differences found between the two groups. This outcome can be
justified by considering the greater joint and ligament laxity typical of children younger than 10 years
old [47]. This greater laxity, also known as hypermobility, is caused by an incomplete development of
muscle elasticity [47]. The excessive anisotropy could be considered a causal factor that leads to the
high rate of instability in children, leading to a greater prevalence of ankle sprains, especially in IE
direction [48]. However, the anisotropy is not influenced by frequencies in both examined groups;
thus, we can speculate that children have the capability to maintain constant differences between DP
and IE directions at different frequencies as adults, even considering the above-mentioned factors
of incomplete joint development. This finding could suggest that children can also perform highly
dynamic activities without increasing the risk of injuries. Furthermore, the parameter related to
the orientation of the peanut shape is frequency-invariant in adults, while the highest values were
obtained when analyzing the high frequencies in children. This implies that the maximum value
of impedance in children is not in correspondence of the DP direction and can be ascribed to the
incomplete development of muscles. This finding indicates that children are not able to provide
maximum impedance during movements that mainly involve the dorsi-plantarflexion of the ankle,
such as walking; thus, it could be one of the main reasons for the well-known higher stride-to-stride
variability found for children [33].

These findings should be taken into account for proper development and design of ankle robotic
devices, especially when they are addressed to recover the functionality of the ankle in both degrees
of freedom.

4.2. Age-Related Differences of Ankle Kinematic Performance

Results related to accuracy and smoothness indices highlighted that, independently of movement
direction, adults performed trajectories characterized by a higher accuracy, whereas children performed
smoother trajectories. Additionally, these differences in terms of accuracy and smoothness were not
reflected in the duration of the movement, which revealed no age-related differences. The lower
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accuracy characterizing children movements can be ascribed to a lower proprioceptive ability, as
already found for the upper limbs in a comparison between children and adolescent movements [49].
In addition, it has been demonstrated that children performed movement favoring smoothness with
respect to accuracy [50].

The TPS index can be considered a measure of the coupling between ankle rotations performed in
sagittal and frontal planes. In fact, ankle rotations are usually described as movements around fixed
mutually perpendicular axes, but they actually change their position depending on ankle rotation [51].
This complexity yields to a significant coupling between the two DOFs: when the foot is moved
upward or downward, the resulting rotation is always a combination of plantar-dorsiflexion and
inversion-eversion. Considering the child group, there is a significance difference of TPS when
comparing dorsiflexion and plantarflexion movements. In particular, plantarflexion movements
are characterized by the prevalence of inversion rotations, whereas dorsiflexion movements show
a prevalence of eversion rotations. This behavior is not present in the adult group, which revealed
no differences between movement directions, showing a TPS value always close to 0.5 for both
plantarflexion and dorsiflexion. These results indicate that adults are able to balance the contribution
of rotations around the secondary axis and that this ability is not completely developed by children
in the examined age range. Thus, it implies a higher mobility of ankle movement axes in children,
which is probably due to the greater joint and ligament laxity typical of children younger than 10 years
old [47], as already discussed for the ankle impedance. Moreover, results from TPS are consistent with
the findings related to the accuracy and smoothness indices. Children, in fact, present less accurate
trajectories, i.e., highly deviating from a straight line, which are then characterized by a significant
contribution of inversion or eversion movements. On the contrary, the smoothness of the movement
was higher in the child group. Thus, it can be speculated that, during the motor development, subjects
prefer to optimize the movement accuracy in order to obtain a better-balanced trajectory even though
it implies performing fewer smooth movements.

Focusing on the bell-shaped profile of velocity, results from TVS highlighted that, in the child
group, the velocity peak occurred early in dorsiflexion with respect to plantarflexion. This finding
could be explained by considering that subjects needed to counter gravity when the foot is moved
upwards, exerting a greater force at the beginning of the movement, which allowed reaching the
maximum speed earlier in dorsiflexion than in plantarflexion. On the contrary, adults showed a perfect
bell-shaped velocity profile and, consequently, they are not influenced by gravity. These results are in
line with [18], in which authors established that, in adults subjects, the velocity profile is not affected
by gravity. Thus, we can speculate that the differences between children and adults could be due to
higher force levels that can be exerted by adults at the ankle, implying a negligible effect of gravity.

Considering the stopping indices, it emerged that both adults and children can stop the movement
more easily during dorsiflexion than plantarflexion. This result can be explained by considering
that plantarflexion is a movement performed in the same direction of gravity. Thus, after hitting the
target, subjects have to counter gravity to stop ankle movement. Another important consideration
emerging from the stopping indices is that, independently of the movement direction, children showed
higher difficulty in stopping the ankle movement as soon as the target was reached. This characteristic
can be ascribed to the lower magnitude of ankle impedance of children that emerged from the
impedance evaluation.

From an overall analysis of the kinematic indices it seems that the complete maturation of the
ankle joint leads to a loss in the smoothness of the movement but, at the same time, to an increase in the
accuracy. Moreover, the incomplete maturation of the ankle joint leads to differences in plantarflexion
and dorsiflexion movements in terms of symmetry of the trajectory evaluated by means of TPS and
TVS. These differences, in fact, were only found in the child group.

Results related to the kinematic parameters should be considered together with those reported
for the ankle impedance for a full understanding of ankle properties, leading to a more suitable
development of robots.
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5. Conclusions

Age-related differences in terms of dynamic properties and kinematic performance related to the
ankle joint were assessed by means of a robotic device.

Outcomes revealed for children were characterized by a lower magnitude of ankle impedance in
both dorsi-plantarflexion and inversion-eversion directions and by a greater anisotropy. By considering
a goal-directed task, adults performed more accurate and less smooth movements, and a lower
symmetry of movement in both directions was found in children. Moreover, a greater ability to stop
the movement after hitting the target was found in adults.

These findings provide fundamental information usable as guidelines for researcher groups
involved in the design of robotic devices and training protocols for rehabilitation purposes. Furthermore,
they could represent a starting point for solving the issues related to the scalability of robots suitable
for adults and children.
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Abstract: This paper provides an overview of collaborative robotics towards manufacturing
applications. Over the last decade, the market has seen the introduction of a new category of
robots—collaborative robots (or “cobots”)—designed to physically interact with humans in a shared
environment, without the typical barriers or protective cages used in traditional robotics systems.
Their potential is undisputed, especially regarding their flexible ability to make simple, quick,
and cheap layout changes; however, it is necessary to have adequate knowledge of their correct
uses and characteristics to obtain the advantages of this form of robotics, which can be a barrier for
industry uptake. The paper starts with an introduction of human–robot collaboration, presenting the
related standards and modes of operation. An extensive literature review of works published in this
area is undertaken, with particular attention to the main industrial cases of application. The paper
concludes with an analysis of the future trends in human–robot collaboration as determined by
the authors.

Keywords: collaborative robotics; cobots; human–robot interaction; literature review

1. Introduction

Traditional industrial robotic systems require heavy fence guarding and peripheral safety
equipment that reduce flexibility while increasing costs and required space. The current market,
however, asks for reduced lead times and mass customization, thus imposing flexible and multi-purpose
assembly systems [1]. These needs are particularly common for small- and medium-sized enterprises
(SMEs). Collaborative robots (or cobots [2]) represent a natural evolution that can solve existing
challenges in manufacturing and assembly tasks, as they allow for a physical interaction with humans
in a shared workspace; moreover, they are designed to be easily reprogrammed even by non-experts
in order to be repurposed for different roles in a continuously evolving workflow [3]. Collaboration
between humans and cobots is seen as a promising way to achieve increases in productivity while
decreasing production costs, as it combines the ability of a human to judge, react, and plan with the
repeatability and strength of a robot.

Several years have passed since the introduction of collaborative robots in industry, and cobots
have now been applied in several different applications; furthermore, collaboration with traditional
robots is considered in research, as it takes advantage of the devices’ power and performance. Therefore,
we believe that it is the proper time to review the state of the art in this area, with a particular focus on
industrial case studies and the economic convenience of these systems. A literature review is considered
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a suitable approach to identify the modern approaches towards Human–Robot Collaboration (HRC),
in order to better understand the capabilities of the collaborative systems and highlight the possible
existing gap on the basis of the presented future works.

The paper is organized as follows: After a brief overview of HRC methods, Section 2 provides
an overview of the economic advantages of the collaborative systems, with a brief comparison with
traditional systems. Our literature review analysis is presented in Section 3, and Section 4 contains
a discussion of the collected data. Lastly, Section 5 concludes the work.

Background

Despite their relatively recent spread, the concept of cobots was invented in 1996 by J. Edward
Colgate and Michael Pashkin [2,4]. These devices were passive and operated by humans, and are quite
different from modern cobots that are more represented by the likes of lightweight robots such as
KUKA LBR iiwa, developed since the 1990s by KUKA Roboter GmbH and the Institute of Robotics
and Mechatronics at the German Aerospace Center (DLR) [5], or the first commercial collaborative
robot sold in 2008, which was a UR5 model produced by the Danish company Universal Robots [6].

First of all, we believe that it is important to distinguish the different ways of collaboration, since
the term collaboration often generates misunderstandings in its definition.

Müller et al. [7] proposed a classification for the different methodologies in which humans and cobots
can work together, as summarized in Figure 1, where the final state shows a collaborative environment.

• Coexistence, when the human operator and cobot are in the same environment but generally do
not interact with each other.

• Synchronised, when the human operator and cobot work in the same workspace, but at
different times.

• Cooperation, when the human operator and cobot work in the same workspace at the same time,
though each focuses on separate tasks.

• Collaboration, when the human operator and the cobot must execute a task together; the action of
the one has immediate consequences on the other, thanks to special sensors and vision systems.

It should be noted that neither this classification nor the terminology used are unique, and others
may be found in the literature [8–11].

Figure 1. Types of use of a collaborative robot.

To provide definitions and guidelines for the safe and practical use of cobots in industry, several
standards have been proposed. Collaborative applications are part of the general scope of machinery
safety regulated by the Machinery Directive, which defines the RESS (Essential Health and Safety
Requirements). For further documentation, we refer to [12].

The reference standards as reported in the Machinery Directive are:

• UNI EN ISO 12100:2010 “Machine safety, general design principles, risk assessment, and risk reduction”.
• UNI EN ISO 10218-2:2011 “Robots and equipment for robots, Safety requirements for industrial

robots, Part 2: Systems and integration of robots”.
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• UNI EN ISO 10218-1:2012 “Robots and equipment for robots, Safety requirements for industrial
robots, Part 1: Robots”.

In an international setting, the technical specification ISO/TS 15066:2016 “Robots and robotic
devices, Collaborative Robots” is dedicated to the safety requirements of the collaborative methods
envisaged by the Technical Standard UNI EN ISO 10218-2:2011.

According to the international standard UNI EN ISO 10218 1 and 2, and more widely explained
in ISO/TS 15066:2016, four classes of safety requirements are defined for collaborative robots:

• Safety-rated monitored stop (SMS) is used to cease robot motion in the collaborative workspace
before an operator enters the collaborative workspace to interact with the robot system and
complete a task. This mode is typically used when the cobot mostly works alone, but occasionally
a human operator can enter its workspace.

• Hand-guiding (HG), where an operator uses a hand-operated device, located at or near the robot
end-effector, to transmit motion commands to the robot system.

• Speed and separation monitoring (SSM), where the robot system and operator may move
concurrently in the collaborative workspace. Risk reduction is achieved by maintaining at least
the protective separation distance between operator and robot at all times. During robot motion,
the robot system never gets closer to the operator than the protective separation distance. When
the separation distance decreases to a value below the protective separation distance, the robot
system stops. When the operator moves away from the robot system, the robot system can resume
motion automatically according to the requirements of this clause. When the robot system reduces
its speed, the protective separation distance decreases correspondingly.

• Power and force limiting (PFL), where the robot system shall be designed to adequately reduce
risks to an operator by not exceeding the applicable threshold limit values for quasi-static and
transient contacts, as defined by the risk assessment.

Collaborative modes can be adopted even when using traditional industrial robots; however,
several safety devices, e.g., laser sensors and vision systems, or controller alterations are required. Thus,
a commercial cobot that does not require further hardware costs and setup can be a more attractive
solution for industry.

Lastly, cobots are designed with particular features that distinguish them considerably from
traditional robots, defined by Michalos et al. [13] as technological and ergonomic requirements.
Furthermore, they should be equipped with additional features with respect to traditional robots,
such as force and torque sensors, force limits, vision systems (cameras), laser systems, anti-collision
systems, recognition of voice commands, and/or systems to coordinate the actions of human operators
with their motion. For a more complete overview, we refer to [8,13]. Table A1 shows the characteristics
of some of the most popular cobots, with a brief overview of some kinematic schemes in Table 2.

2. Convenience of Collaborative Robotics

The choice towards human–robot collaborative systems is mainly dictated by economic
motivations, occupational health (ergonomics and human factors), and efficient use of factory space.
Another advantage is the simplification in the robot programming for the actions necessary to perform
a task [14]. In addition, learning by demonstration is a popular feature [15].

Furthermore, the greater convenience of collaborative systems is their flexibility: Theoretically,
since collaborative cells do not require rigid safety systems, they could be allocated in other parts
of plants more easily and more quickly; therefore, they could adapt well to those cases in which the
production layout needs to change continuously [16]. However, it should be noted that high-risk
applications have to be constrained as in any other traditional system, thus restricting the flexibility.

Collaborative systems can also achieve lower direct unit production costs: [17] observed that
a higher degree of collaboration, called c%, has a high impact on throughput; moreover, depending on
the assembly process considered, the throughput can be higher than in traditional systems.

223



Robotics 2019, 8, 100

Table 1 provides a comparison between collaborative and traditional systems for four different
jobs: assembly (the act of attaching two or more components), placement (the act of positioning each
part in the proper position), handling (the manipulation of the picked part), and picking (the act of
taking from the feeding point). In order to adapt to market needs, a manual assembly system could be
used, though this can lead to a decrease in productivity due to variations in quality and fluctuations in
labor rates [18]. Comparing the human operator capabilities to automated systems, it is clear that the
performance of manual assembly is greatly influenced by ergonomic factors, which restrict the product
weight and the accuracy of the human operator [19]. Therefore, these restrictions limit the capabilities
of human operators in the handling and picking tasks of heavy/bulky parts. These components
can be manipulated with handling systems such as jib cranes: These devices could be considered as
large workspace-serving robots [20], used for automated transportation of heavy parts. However,
to the authors’ knowledge, there are no commercial end-effectors that allow these systems to carry out
complex tasks, such as assembly or precise placing, since they are quite limited in terms of efficiency
and precision [21].

Traditional robotic systems [22] bridge the presented gap, presenting manipulators with both
high payload (e.g., FANUC M-2000 series with a payload of 2.3 t [23]) and high repeatability. However,
the flexibility and dexterity required for complex assembly tasks could be too expensive, or even
impossible, to achieve with traditional robotic systems [24]. This gap can be closed by collaborative
systems, since they combine the capabilities of a traditional robot with the dexterity and flexibility of
the human operator. Collaborative robots are especially advantageous for assembly tasks, particularly
if the task is executed with a human operator. They are also suitable for pick and place applications,
though the adoption of a traditional robot or a handling system can offer better results in terms of
speed, precision, and payload.

Table 1. Qualitative evaluation of the most suitable solutions for the main industry tasks.

Human Collaborative Traditional Handling
Operator Systems Robot Systems

Assembly
High dexterity
and flexibility

Combines human dexterity
with robot capabilities [24]

Dexterity/flexibility
could be unreachable [24]

No complex tasks
with commercial
end-effectors [21]

Placement High dexterity
Commercial cobots have

lower repeatability
High repeatability

and payload High payload

Handling
Product weight
restricted [19]

Typical cobots
have low payload

High payload
and speed [23] High payload

Picking
Product weight
restricted [19]

Typical cobots
have low payload

High payload
and repeatability [23]

Bin picking
difficult due to size

3. Literature Review

This literature review analyses works from 2009–2018 that involved collaborative robots for
manufacturing or assembly tasks. Reviewed papers needed to include a practical experiment involving
a collaborative robot undertaking a manufacturing or assembly task; we ignored those that only
considered the task in simulation. This criterion was implemented as, often, only practical experiments
with real hardware can highlight both the challenges and advantages of cobots.

For this literature review, three search engines were used to collect papers over our time period
that were selected using the following boolean string: ((collaborative AND robot) OR cobot OR cobotics)
AND (manufacturing OR assembly). Our time period of 2009–2018 was chosen as the timeline for this
literature review, as it is only in the last 10 years that we have seen the availability of collaborative
robots in the market.
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• ScienceDirect returned 124 results, from which 26 were found to fit our literature review criteria
after reading the title and abstract.

• IEEExplore returned 234 results, from which 44 were found to fit our literature review criteria
after reading the title and abstract.

• Web of Science returned 302 results, from which 62 were found to fit our literature review criteria
after reading the title and the abstract.

Of all these relevant results, 16 were duplicated results, leaving us with 113 papers to analyze.
Upon a complete read-through of the papers, 41 papers were found to fully fit our criteria and have
been included in this review. It should be noted that in the analysis regarding industry use cases, only
35 papers are referenced, as 6 papers were focused on the same case study as others and did not add
extra information to our review.

The following parameters were studied: The robot used, control system, application, objectives,
key findings, and suggested future work for all these studies, as summarized in Table 3. These were
chosen for the following reasons. The robot choice is important, as it highlights which systems are
successfully implemented for collaborative applications. The control system is interesting to analyze,
as it dictates both safety and performance considerations of the task. Furthermore, when a human is in
the control loop, the control system choice is specific to the manner of human–machine interaction—
by seeing which methods are more popular and successfully implemented, we can identify trends
and future directions. We characterized control systems as vision systems (such as cameras and
laser sensors), position systems (such as encoders which are typical of traditional industrial robots),
impedance control systems (through haptic interfaces), admittance control (taking advantage of the
cobot torque sensors or voltage measurement), audio systems (related to voice command and used for
voice/speech recognition), and other systems (that were not easily classified, or that were introduced
only in one instance).

The application represents the task given to the cobot, which we believe allows a better
understanding to be made regarding the capabilities of collaborative robots. These tasks were divided
into assembly (when the cobot collaborates with the operator in an assembly process), human
assistance (when the cobot acts as an ergonomic support for the operator, e.g., movable fixtures,
quality control, based on vision systems), and lastly, machine tending (when the cobot performs
loading/unloading operations).

Furthermore, we divided the objectives into three main topics: Productivity, representing the
studies focused on task allocation, quality increase, and reduction of cycle time; safety, which includes
not only strictly safety-related topics such as collision avoidance, but also an increase in human
ergonomics and reduction of mental stress; and HRI (Human–Robot Interaction), which is focused
on the development of new HRI methodologies, e.g., voice recognition. It should be noted that in no
way is the proposed subdivision univocal; an interesting example could be [25–27]. These works were
considered as safety because, even if the proposed solutions keep a high level of productivity, they
operate on HRC safety.

The key findings were not grouped, since we believe they depend on the specific study and are
too varied; however, they have been summarized in Table 3. Key findings were useful to present the
capabilities of the collaborative systems and what HRC studies have achieved. They were included in
our analysis in order to identify common solutions. Future work has been grouped into: HRI (works
that focus on increasing HRI knowledge and design), safety (works that focusing on increasing the
operator safety when working with the cobot), productivity (works focusing on increasing the task
productivity in some manner), task complexity (works that focus on increasing the complexity of the
task for a particular application), applicability (works that focus on increasing the scope of the work to
be used for other industrial applications), and method (works that focus on enhancing the method of
HRI via modeling, using alternative robots, or applying general rules and criteria to the design and
evaluation process). From these groupings, we can identify ongoing challenges that still need to be
solved in the field; by seeing what researchers identify as future work for industrial uptake, we can
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find trends across the industry in the direction research on which is focused. Our analysis of these
parameters is presented in Section 4.

4. Discussion: Trends and Future Perspective

4.1. Trends in the Literature

By examining the literature as summarized in Table 3, we can identify several trends in the use of
cobots in industrial settings. It should be noted that, for some of the considered studies in Table 3, we
could not identify all of our parameters as specified in Section 3; thus, they are not considered in this
specific discussion.

Although early researches utilized traditional industrial robots (Figure 2), the subsequent spread
of cobots led to several studies based on the DLR LWR-III (2011), followed by the upgraded KUKA
iiwa (from 2016 to 2018), ABB YuMi (also called FRIDA) in 2017 and 2018, and Universal Robots from
2014 to 2018. Several researchers applied the collaborative methods to industrial robots, usually due to
their increased performance and widespread availability; however, the disadvantage of this choice is
the increase in cost and complexity due to the inclusion of several external sensors and the limited
HRC methodologies available. A relationship between the kinematics of the cobot and the application
was not explicitly considered, since we believe that other parameters, such as the presence of force
sensors in each axis, influenced the cobot choice made in these papers. However, it should be noted
that the kinematics—precisely, the number of axes—was a feature considered in [28], whereas future
works are focused on verifying their findings with kinematically redundant robots [29] or utilizing the
redundancy for achieving better stiffness in hand-guiding [30].
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Figure 2. Robot usage in selected human–robot collaboration studies in the period 2009–2018.

Figure 3 presents the different control systems in the selected human–robot collaboration (HRC)
studies. Position control systems were only used for traditional industrial robots, often using extra
vision systems for safety reasons. Due to the inherent compliance of cobots, impedance control was
more commonly chosen for these systems, though in many cases where an inherently compliant cobot
was used, vision was also included for feedback [31–33]. Robot compliance can often be a trade-off
with robot precision, so including a separate channel for feedback to monitor collisions and increase
safety can be a useful method of maintaining manipulation performance. Vision is indeed the prevalent
sensor used in HRC studies, also due to the flexibility and affordability of the systems, especially
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when using depth cameras such as Microsoft Kinect cameras. It is interesting to note that in recent
years, Augmented Reality (AR) systems, such as the Microsoft Hololens, have been used more in
HRC research, as they are able to provide information to the operator without obscuring their view
of the assembly process. In one study, a sensitive skin was incorporated with the cobot to provide
environmental information and maintain the operator’s safety. As these skins become more widely
studied and developed, we could see this feedback control input become more common, though
challenges such as response time must still be solved [34].
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Figure 3. Control systems used in selected human–robot collaboration studies in the period 2009–2018:
In red, the number of vision systems; in orange, position-controlled systems (used especially for
traditional industrial robots); in gray, the cases for impedance control (e.g., through haptic interfaces);
in yellow, admittance control (e.g., through torque sensors); in blue, audio systems (for voice/speech
recognition); and green for other systems.

The considered studies used the aforementioned robots, both traditional industrial robots and
cobots with different collaborative methodologies. Early studies were focused on SSM and PFL
methodologies; we believe this focus is due to the need for safety and flexibility in traditional
robotic systems and the early spread of cobots. Since 2016 and the introduction of ISO/TS 15066:2016,
the considered research sample began to study other methodologies, especially the HG method, which,
as shown in Figure 4, has become prevalent in recent years. The HG method is indeed a representative
function of collaborative robots [30], since it allows even unskilled users to interact with and program
the cobot, which can allow some degree of flexibility—even if the robot moves only on predefined
directions—without the need for expensive algorithms [35]. It should be noted that the HG method
could also be employed with traditional industrial robots, such as a COMAU NJ130 [36]: This allows
one to take advantage of the robot’s characteristics, such as high speed and power, and increase the
system’s flexibility.
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In blue, hand guiding (HG); in orange, safety-rated monitored stop (SMS); in gray, speed and separation
monitoring (SSM); in yellow, power and force limiting (PFL).

As stated previously, the collaborative mode depends on the considered application. Figure 5
depicts the considered tasks over the last decade. The most studied task is assembly, likely due to the
required flexibility in the task, which makes traditional robotic systems too expensive or difficult to
implement. However, the task of production also requires flexibility, and could greatly benefit from
collaborative applications. Likely, until the fundamental challenges of setting up collaborative workcells
are solved for the easier tasks of assembly, we will not see many case studies targeting production.
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In our review, 35 papers presented unique case studies of industrial applications. Two industries
seem to drive this research—the automotive industry accounted for 22.85% of studies, and the
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electronics industry a further 17.14%. Interestingly, research for the automotive industry only began
after 2015, and will likely continue to drive research in this area.

HRC studies present several objectives that can be grouped into three main topics. Figure 6
depicts the focus of HRC studies in the last decade. It is interesting to note that the first phase of HRC
study [37–41] was more focused on increasing the production and safety aspects of HRC, at least in
a manufacturing context. As the research progressed, an increasing number of studies were focused on
HRI methodologies, becoming a predominant objective in 2017. The ostensible reduction in 2018 should
not mislead us to believe that HRI studies were abandoned in that year: As stated before, the presented
classification is not univocal, thus studies such as [42–44] could also be considered HRI studies.
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6

7

2009 2011 2013 2014 2015 2016 2017 2018

Nu
m

be
r o

f p
ap

er
s

Year

Objective in HRC research

Productivity

Safety

HRI

Figure 6. Main topics or objectives in HRC studies. The objectives were divided into productivity
studies (blue), safety studies (orange), e.g., ergonomics and collision avoidance, HRI (Human–Robot
Interaction) studies (gray), e.g., development or improvement of HRI methodologies.

The key findings of these studies highlight challenge areas that research has successfully
addressed, or even solved, when cobots are used for industrial tasks. Multiple studies reported
an increase in task performance—e.g., by reducing completion time and minimizing error [25,37,38,43]—
as well as a better understanding of the operator space [29,31,32,41] and higher precision of workpiece
manipulation [28,30,45]. Thematic areas of research intent can be identified, such as increasing and
quantifying the trust of the operator in the robotic system [29,46,47], as well as improving safety by
minimizing collisions [40].

The directions of future work identified in literature are summarized in Figure 7. Historically,
researchers aimed to increase the HRI relevance of their work, also with a focus on higher safety
requirements and more complex tasks. In recent years, the scope of future work has expanded,
with researchers focusing on more complex methods that improve the performance of their systems—
whether this is by applying their method to different application fields or more complex tasks. This is
likely due to the prevalence of new cobots and sensing methodologies coming onto the market,
maturing algorithms, and experience in designing collaborative workcells.
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Figure 7. Future work topics from HRC studies. The work was divided into directions of HRI
(dark blue), safety (orange), task complexity (gray), applicability (yellow), method (light blue),
and productivity (green).

Many of the reviewed works highlight future work in terms of the method they used, whether it
be by increasing the complexity of their modeling of the operator and/or environment [48], or using
different metrics to evaluate performance [33,49,50] and task choice [51]. Others believe that expanding
their research setup to other application areas is the next step [31,45,52]. In our view, these works
can be achieved without any step change in existing technology or algorithms; rather, it requires
more testing time. To increase safety, productivity, and task performance, researchers will need to
improve planners, [39,53], environment and task understanding [28,40,54,55], operator intention
understanding [38], and ergonomic cell setups [37,56]. To improve HRI systems, common future work
focuses on increasing the robots’ and operators’ awareness of the task and environment by object
recognition [44] and integrating multi-modal sensing in an intuitive manner for the operator [3,32,36].

In essence, this future direction focuses on having better understanding of the scene—whether
this is what the operator intends to do, what is happening in the environment, or the status of the task.
Researchers propose solving this by using more sensors and advanced algorithms, and fusing this
information in a way that is easy to use and intuitive for the operator to understand. These systems
will inherently lead to better safety, as unexpected motions will be minimized, leading consequently
to more trust and uptake. We can expect that many of these advances can come from other areas of
robotics research, such as learning by demonstration through hand-guiding or simulation techniques
that make it easy to teach a robot a task, and advances in computer vision and machine learning for
object recognition and semantic mapping. Other reviews, such as [8], identify similar trends, namely
those of improved modeling and understanding, better task planning, and adaptive learning. It will
be very interesting to see how this technology is incorporated into the industrial setting to take full
advantage of the mechanics and control of cobots and the HRI methodologies of task collaboration.

4.2. Trend of the Market

We believe that the current market should also be presented in order to better place our literature
review in the manufacturing context. According to [57], the overall collaborative robot market is
estimated to grow from 710 million USD in 2018 to 12,303 million USD by 2025 at a compounded
annual growth rate (CAGR) of 50.31% during the forecasted period. However, the International
Federation of Robotics (IFR), acknowledging an increase in the robot adoption with over 66% of new
sales in 2016, expects that market adoption may proceed at a somewhat slower pace over the forecasted
timeframe [58]. However they suggest that the fall in robot prices [59] has led to a growing market
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for cobots, especially considering that small- and medium-sized enterprises (SMEs), which represent
almost 70% of the global number of manufacturers [60] and could not afford robotic applications due
to the high capital costs, are now adopting cobots, as they require less expertise and lower installation
expenses, confirming a trend presented in scientific works [3].

Finally, [57] highlights that cobots, presenting different payloads, were preferred with up to 5 kg
payload capacity; indeed, they held the largest market size in 2017, and a similar trend is expected
to continue from 2018 to 2025. This preference of the market towards lightweight robots, which are
safer but do not present the high speed and power typically connected with industrial robots [36,61],
restrains the HRC possibilities in the current manufacturing scenario. However, we believe that without
proper regulation, the current market will continue to mark a dividing line between heavy-duty tasks
and HRC methods.

5. Conclusions

Human–robot collaboration is a new frontier for robotics, and the human–robot synergy will
constitute a relevant factor in industry for improving production lines in terms of performances and
flexibility. This will only be achieved with systems that are fundamentally safe for human operators,
intuitive to use, and easy to set up. This paper has provided an overview of the current standards
related to Human–Robot Collaboration, showing that it can be applied in a wide range of different
modes. The state of the art was presented and the kinematics of several popular cobots were described.
A literature analysis was carried out and 41 papers, presenting 35 unique industrial case studies,
were reviewed.

Within the context of manufacturing applications, we focused on the control systems,
the collaboration methodologies, and the tasks assigned to the cobots in HRC studies. From our
analysis, we can identify that the research is largely driven by the electronics and automotive industries,
but as cobots become cheaper and easier to integrate into workcells, we can expect SMEs from a wide
range of industrial applications to lead their adoption. Objective, key findings and future research
directions are also identified, the latter highlighting ongoing challenges that still need to be solved.
We can expect that many of the advances needed in the identified directions could come from other
areas of robotics research; how these will be incorporated into the industrial setting will lead to new
challenges in the future.
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Table 2. Denavit–Hartenberg parameters and singularity configurations for the considered kinematic
schemes.

Kinematic
Scheme

Denavit–Hartenberg Parameters Singularity Configurations

Six axes
with

spherical
wrist

T α a θ d

T10 0 0 q1 d1

T21 −90 a1 −90 + q2 0

T32 0 a2 q3 0

T43 −90 a3 q4 d4

T54 90 0 q5 0

T65 −90 0 q6 d6

Wrist: J4 and J6 aligned

0

500

z 
[m

m
]

1000

1500

Shoulder: Wrist aligned with J1

600

200

400

600

800

1000

z 
[m

m
]

1200

1400

1600

Elbow: Wrist coplanar with J2 and J3
0

200
400

600
800

Six axes
with three

parallel
axes

T α a θ d

T10 0 0 q1 d1

T21 −90 0 −90 + q2 d2

T32 0 a2 q3 −d3

T43 0 a3 −90 + q4 d4

T54 −90 0 180 + q5 d5

T65 −90 0 q6 d6

Wrist: J6 // J4

Shoulder: Intersection of J5 and J6 coplanar
with J1 and J2

Elbow: J2, J3, and J4 coplanar

Six axes
with
offset
wrist

T α a θ d

T10 0 0 q1 d1

T21 90 0 90 + q2 −d2

T32 180 a2 90 + q3 −d3

T43 90 0 180 + q4 −d4

T54 90 0 180 + q5 −d5

T65 90 0 q6 −d6

Wrist: J5 ≈ 0◦ or 180◦ ± 15◦

0

200

400

600

800

z 
[m

m
]

1000

1200

Shoulder: Wrist point near the yellow
column (300 mm of radius)

Elbow: J3 ≈ 0◦ or 180◦ ±15◦
0

500

-100
0

1000

z 
[m

m
]

100

Seven axes
with

spherical
joints

T α a θ d

T10 0 0 q1 d1

T21 −90 0 q2 0

T32 90 0 q3 d3

T43 90 0 q4 0

T54 −90 0 q5 d5

T65 −90 0 q6 0

T76 90 0 q7 d7

Wrist motion: J6 = 0 & J4 = 90◦

Shoulder Motion: J2 = 0 & J3 =± 90◦

Elbow Motion: J5 = ± 90◦ & J6 = 0

Seven axes
without
spherical

joints

T α a θ d

T10 0 0 q1 d1

T21 −90 −a1 q2 0

T32 90 a2 q3 d3

T43 90 a3 90 + q4 0

T54 90 a4 q5 d5

T65 90 −a5 q6 0

T76 −90 a6 180 + q7 d7

Wrist: J5 // J7

Shoulder: Wrist point near J1 direction

Elbow: J3 // J5
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Abstract: Moving from a given position to another with an industrial robot can be a challenging
problem when the task is redundant around the tool axis. In this case, there are infinite ways
of choosing both the starting and the ending configurations, so that the movement between the
given points is not uniquely defined. In this paper, an algorithm that calculates the suboptimal
movement between two positions is proposed, which automatically generates a cloud of safe via
points around the workpiece and then by exploiting such points finds the suboptimal safe path
between the two positions that minimizes movement time. The proposed method, in which the
search of the suboptimal path is based on graph theory and the Dijkstra algorithm, can iteratively
evaluate a high number of starting and ending configurations in low computational time, allowing
performing a reasonably wide search of the suboptimal path within the infinite possible motions
between the given points.

Keywords: robot motion; redundancy; trajectory optimization; Dijkstra algorithm; graph

1. Introduction

To increase the productivity of an industrial robotic workcell, the cycle time has to be reduced.
Sometimes, the time needed to perform the tasks is fixed, so it is necessary to reduce the robot
movement times between the positions. This can be achieved by defining the best control strategy for
the robot’s motors and, if possible, by finding the optimal path that reduces movement time. However,
the optimization of motor control is already implemented in the controllers of common industrial
robots, so the only available option is to define an optimal path that the robot has to follow.

For example, in robotic deburring, the task time is fixed by the process, so it is not possible
to reduce it. However, it is possible to perform the same task with different robot configurations
by rotating around the spindle axis. Therefore, the movement time between working points can be
modified by changing the spindle angles in such points, and as a result, the cycle time will vary. In such
a case, we say the robot is functionally redundant, and this can lead to cycle times that can be very far
from the optimal one if wrongly defined by an inexperienced human operator.

In addition, the movement between two working positions has to be completed without colliding
with the workcell environment. The workpiece is not the only obstacle inside the workspace since
there can be structures, equipment, conveyors, and barriers that must not be touched by the robot.
To do so, in a generic movement, the robot can move through several via points between the starting
and the ending points. For a given layout of the workcell and a given couple of starting and ending
points, via points can be chosen in different ways, and their choice can widely affect cycle time.

The goal of our research is to define a novel path planning algorithm for functionally redundant
robots, able to minimize locally the movement time between two given Cartesian working points. In the
proposed approach, we generate automatically a set of Cartesian via points around the workpiece,
then we seek for the minimum time motion path that: (a) is safe in the sense that no collision occurs
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between the robot and the surrounding objects along the path; (b) includes the given starting/ending
points and a subset of the via points. The search is performed considering multiple tool angles both in
the starting and in the ending points, to exploit robot functional redundancy.

The main novelty in our approach lies in the particular way we generate the set of via points,
which allows simplifying and decoupling the path planning problem from a kinematic perspective.
In fact, the motion path is generated with reference to the wrist center only, whereas wrist rotations at
the chosen via points are left totally free. As a result, the rotations of the last three joints of the robot
can be planned form the starting point to the ending point in the most convenient way, minimizing
their rotations and movement time. In the paper, with reference to the case of a functionally redundant
anthropomorphic robot performing a point to point motion, our method is compared to standard
probabilistic roadmap path planning in terms of both robot movement time and of computational time.

2. Related Work

Trajectory planning is very important in reducing the cycle time of robotic workcells. Many
algorithms have been proposed to reduce the overall cycle time [23]. Minimum kinematic parameters
can be obtained by focusing on kinematics, dynamics, or minimum kinetic energy factors. However,
this optimization is already implemented in the controllers of common industrial robots (even if it
could be improved [9], reducing chattering effects). One of the parameters to be optimized is the path
between the working points, avoiding the objects placed in the environment.

In the industrial workcells, the robotic workspace is cluttered with objects. To avoid collisions,
the task can be simulated with off-line methods. Some of them were described in [7,20,32]. The objects
within the workspace are usually described offline as patches. It is possible to detect the collision
between multiple patches [24], but very wide patch collisions can be heavy to compute [30]. Since the
geometry of the objects placed in the environment can be very complex, it is usually more convenient
to encapsulate them inside bounding volumes [8]. These volumes can be simple spheres or cubes,
Oriented Bounding Boxes (OBBs) [11], Sphere Swept Volumes (SSVs) [16], and many more. Usually,
the tighter the volume is to the object, the slower is the collision detection algorithm [16]. This is
due to the complexity (and the number) of the elements that define the volumes: to define tighter
volumes, more components are required (e.g., a tighter Discretely Oriented Polytope (k-DOP) requires
several bounding planes [15]). Rodriguez-Garavito et al. [26] used bounding boxes to encapsulate the
robot and the objects in the environment. Then, the collision detection algorithm had to evaluate the
intersection of the bounding rectangles to find out if a collision occurred.

It is important to notice that the slower is the collision detection algorithm, the lower the amount
of function evaluations can be performed in real time. This becomes particularly crucial with the
algorithms, called sampling-based methods [7], in which random samples are chosen within the
configuration space as via points, and each configuration is then tested to see if the robot collides with
the environment. Among these methods, the most known frameworks are Probabilistic Roadmaps
(PRM) and Rapidly exploring Random Trees (RRTs) [17], but many more algorithms have been
proposed [32]. These algorithms have been used both with kinematic and kinodynamic approaches [18]
and can be used with robots with a high number of joints [13]. Usually, the Dijkstra algorithm [5] is
used to find the optimal path.

Another possibility for defining a safe path is using collision avoidance algorithms: it is possible
to move the robot away from a collision point [3] and iteratively create a safe path. A similar approach
was shown for real-time planning in [12,19]. An interesting approach was proposed by Khatib in [14],
where a collision avoidance method based on potential fields was presented: robots get repelled by
the space zones in which the obstacles are placed, acting like repulsive forces. However, sometimes,
the robot can get stuck by particular obstacle shapes [25].

In some particular applications (such as deburring, welding, screwing, or painting), the industrial
robot can become functionally redundant. In such scenarios, the number of parameters needed to
define the robot configuration is higher than the number of degrees of freedom of the task. Much
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research activity has been carried out on the topic. Sciavicco and Siciliano [27] studied the redundancy
of a manipulator, considering collision avoidance and limited joint range. In particular, the inverse
kinematic problem for constrained manipulators was investigated, using optimization techniques that
considered all the aspects listed before. Panames-Garcia et al. [21] proposed a general formulation
for the optimization of the path placement of redundant manipulators considering single or multiple
objective optimizations. Redundancy and path planning can be merged also with heuristic searches,
such as by using genetic algorithms [1,28,31] and neural networks [4]. However, while heuristics can
be very valuable with a high number of degrees of freedom, they need to evaluate an objective function
many times to obtain a suboptimal solution [31]. Doan and Lin [6] were able to optimize the task of a
redundant robot while finding the best position of the robot base in relation to the task itself. This is a
very interesting approach to task optimization: the design of the workcell is taken into account while
improving the final robot behavior.

None of these works on redundant robots merge the collision detection algorithm with a suitable
definition of the via points in the Cartesian space, so as to decouple the path planning problem from a
kinematic point of view. With our work, we aim to assess if such an approach can provide benefits in
terms of shorter movement times and/or of lower computational cost.

3. Functional Redundancy

A welding process can be performed with every possible orientation of the welding tool around
the normal axis at the working point. The same feature can be found in other manufacturing processes,
such as deburring, where the same task can be accomplished by rotating the spindle around its axis.
In such examples, the welding axis and the spindle axis can be considered as an additional axis to the
robot kinematic chain. This results in an N + 1 degrees of freedom (DOF) manipulation, where N is
the number of DOF of the robot. For example, a six axis robot like the one considered in the paper,
equipped with a one DOF tool, equals a seven axis robot with a total of seven DOF. Therefore, this
work applies also to seven axis robots, such as ABB YuMi and KUKA LBR iiwa, performing normal
(non-redundant) tasks..

In this scenario, the configurations of the robot at the beginning and at the end of motion are
not uniquely defined, so a proper choice of them can reduce the overall cycle time. In fact, since joint
speed limits are upper bounded, a movement between very different configurations can be limited by
the performances of the motors.

In this work, the redundant joint angle will be called θ7. The redundant axis is normal to the
surface of the workpiece and is off-axis with respect to the robot’s sixth joint axis. The method, however,
is general and can be applied to other scenarios.

4. Proposed Method

Let A and B be two given positions on a workpiece. Such positions are given in the Cartesian
space and define the position and orientation of the end effector at the working point. To avoid
collisions between the robot and the workpiece or environment, moving from A to B usually requires
passing through several via points. Our idea is to create a grid of safe via points in the Cartesian space
that the robot can use to move between the given positions, defining a suboptimal safe path between
A and B. The final objective is to minimize the movement time between A and B. In our method, the
via points describe the position of the wrist center; therefore, their location influences the first three
joints of the robot only. In this way, the path planning problem is decoupled from a kinematic point of
view, in the sense that the motion of the first three joints is calculated and optimized regardless of the
wrist initial and final rotations. As a result:

• The definition of the via points around the workpiece is simplified; in fact, they are 3D points
(three variables) instead of robot configurations (N variables);
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• The rotations of Joints 4, 5, and 6 are minimized, since such joints are simply moved from the initial
to the final values; in fact, they are not involved in the definition of the safe path surrounding the
workpiece, so their rotations at each via point can be chosen in the most convenient way;

• The rotations of Joints 1, 2, and 3 may not be minimized, since the via points are at a non-negligible
distance from the workpiece.

The main steps of the method (Figure 1), explained for a six DOF manipulator performing a
redundant task around the tool axis (with redundant joint angle θ7), are:

1. Place the devices in the workcell (the robot, the workpiece, and auxiliary systems) in the desired
positions (or by finding the optimal positions [6]);

2. Define a safe volume around the workpiece (the Swept Sphere Volume (SSV) shown in green in
Figure 2);

3. Create a cloud of via points for the wrist center around the safe volume (Section 4.1), whose
distance from the safe volume is equal to the distance between the tool tip and wrist center; such
points are safe in the sense that, if the wrist center lies in one of the points, the tool cannot collide
with the workpiece for any Joint 4, 5, and 6 values;

4. Check if the via points are reachable by the robot from a kinematic point of view: if a collision
occurs between the robot and the environment at some via points, they are removed from
the cloud;

5. Connect the via points to the eight closest ones (in the Cartesian space) to form the branches that
will be used in the search of the minimum time path;

6. Check the connections between the via points: if a collision occurs along the point to point motion
between two connected via points, the connection is removed;

7. Choose the initial θ7 values for starting and ending positions A and B (θ7,A and θ7,B);
8. Find the suboptimal path that connects A and B without a collision using the Dijkstra algorithm

to solve the graph whose nodes are the connected via points;
9. Change θ7,A and θ7,B within a fixed grid around the initial values and loop from Point 8 until all

possible combinations are evaluated;
10. Find the combination θ7,A,opt and θ7,B,opt that yields the minimum time motion between A and B

on the chosen grid.

Place components of 
the workcell in desired 

position

PROPOSED
ALGORITHM

Define a safe volume 
around the workpiece

Create the cloud of via points

Remove unreachable via points 
and connect the remaining

Choose redundant joint values

Find the minimum time safe path Change 
redundant 
joint values

Evaluated all
combinations?

Change 

Tested all
?

Minimum time safe 
path

Yes

Yes

No

No

Figure 1. An overview of the proposed algorithm. At first, the operator has to place all the objects in
the workspace. Then, the algorithm provides automatically the path between the working positions.
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The points from 8 to 10 can be iterated by refining the grid around the final point, until a certain
condition is met (e.g., a maximum number of iterations). At the end of the iterations, the final values
of redundant joint angles (θ7,A,opt and θ7,B,opt) are stored, and the corresponding graph is considered
as the optimal path that connects A and B.

4.1. Via Points’ Generation and Selection

A line Swept Sphere Volume (SSV) [16] is used to encapsulate the workpiece. The shape and
orientation of the SSV are chosen in a way that minimizes its volume.

Since the configuration of the tool is unknown a priori, to be sure that the tool does not collide
with the workpiece, we chose to place the wrist of the robot at a distance greater than Rtool from the
SSV, where Rtool is the minimum radius of a sphere centered in the wrist center and containing the
tool. By using this criterion, a net of wrist center points equally distributed is placed on a surface at a
distance of Rtool from the SSV (Figure 2).

To create the point could, a section of the SSV, containing the SSV symmetry axis, is considered
(Figure 2 on the left). On this plane, m1 points are evenly placed at a distance Rtool from the border of
the SSV. Then, the section is cloned m2 times around the SSV symmetry axis. The first and last points
on each section that lie on the symmetry axis are considered once, so the total number of points is:

Np = m2(m1 − 2) + 2 (1)

Rtool

Figure 2. A simple scheme that shows the placement of the via points on a section of the Swept Sphere
Volume (SSV) (to the left). Each section is then repeated many times around the symmetry axis of
the SSV. All the via points are placed at a distance Rtool from the surface of the SSV, so regardless the
orientation of the wrist, the end effector will not collide with the work piece (to the right).

The density of the net is a design choice (m1 and m2) and has a direct effect on the performance
of the Dijkstra algorithm [10]. Each point of the net is connected to its eight neighbors as shown in
Figure 3, similarly to the uniform space sampling method shown in [29].
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Figure 3. All the adjacent via points are connected to form the branches (to the left), and then, the
unreachable via points and the branches that provide a collision are removed (to the right).

The first benefit provided by the proposed definition of via points is that, when the wrist center is
in such points, the robot is in a safe position regardless of the orientation of the tool. In this way, if we
include one of the via points in a motion between the starting and the ending points, such a via point
will be safe for any configuration of the redundant axis in the given points. Thus, by creating a path
that includes the given points and a subset of the calculated via points, such a path will be safe in all
intermediate points for any choice of the initial and final configurations.

Secondly, since the via points are wrist center points, the inverse kinematic problem can be solved
for the first three joints only (which is faster than solving the full problem), and an estimation of
the motion time between connected points can be done by considering only such joints (Section 4.2,
Equation (2)), thus drastically reducing the computational time. In fact, the estimated motion time
on a given path depends only on the points chosen, regardless of the initial, pass-through, and final
orientations of the tool. In this way, the time needed to move between different initial and final
configurations of the robot can be evaluated without the need for re-calculating the inverse kinematics
in the via points every time. To test the reduction of the computational time due to the decoupling of
the inverse kinematic problem, a simple test was performed: the same position was used to calculate
the entire configuration of the robot and only the first three joint values 100,000 times. The overall
computational time for the whole inverse kinematic problem was 1.66 s, whilst the computational
time required for the calculation of the first three joints was 1.06 s. As a result, the decoupling led to a
reduction of the computational time of the inverse kinematic problem of around 36%.

Via points are checked for collision between the robot and the workpiece and the environment.
If a collision is detected, the corresponding via point is deleted from the list. The collision test was
performed as described in our previous work [3]: all the links were encapsulated inside SSVs, whilst
all other objects were encapsulated inside Oriented Bounding Boxes (OBB [11]). In this way, it was
possible to compute the interaction between the robot and the environment faster than with the usage
of SSVs only [8].

4.2. Graph

The suboptimal path between two positions A and B is created using the Dijkstra algorithm [5].
To solve the algorithm, the branches and the nodes must be defined.
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While the via points represent the nodes, the branches are represented by the connections between
the via points. Considering the net of reachable via points, only adjacent via points (in Cartesian
space) are connected to form branches (Figure 3 on the left), so that the total number of branches is
reduced. To avoid unnecessary calculations, collision tests along the motions through all the branches
are computed. If a collision is detected, the corresponding branch is removed (Figure 3 on the right).

Branches’ weight equal the robot movement time between the nodes. Movement time between
nodes h and k is estimated considering only the first three joints:

Thk = max
j=1,2,3

{ |Δqj,hk|
q̇max,j

cv

}
(2)

where Δqj,hk is the total rotation of joint j between the nodes h and k, q̇max,j is the maximum speed of
joint j, and cv is the velocity coefficient of the motion law [2].

Starting and ending nodes are defined by points A and B; A and B are connected to all the via
points to form additional branches. In this way, it is possible to enter (from A ) and exit (towards B)
the cloud of via points from any one of the via points. The weights of the additional branches are
calculated as the traveling times (as Equation (2)), and the connections are checked to find collisions:
the branches that provide collision are removed. The Dijkstra algorithm calculates the graph using A
as the first node and B as the last one.

The first θ7,A and θ7,B values are null to start the optimization algorithm around the position
provided by the user. To find the optimal solution, the redundant joint angles θ7 at A and B are changed
by fixed steps (δθ), from minimum values (θ7,i,min) to maximum ones (θ7,i,max). In this way, a fixed grid
of possible combinations is created; the limits of the grid can be different for A and B (see Table 1 for
an example).

To ensure that the calculated paths are feasible, a collision test along each suboptimal path is
computed. To do so, the planning of robot motion is performed along the whole path, including wrist
rotations. The angles of the first three joints are interpolated from A values to B values considering
also the via points included in the path. The angles of the last three joints, on the other hand, are
interpolated from A values to B values only, since their values are not assigned at the via points. If a
collision is found, the graph is re-calculated. This may occur due to a possible colliding configuration
of the robot provided by the values of Joints 4, 5, and 6 along one of the connections; in fact, wrist
rotations have not been considered in the previous collision tests, and whilst the via points are safe
regardless of wrist orientation, connecting paths (especially from A to the cloud and from the cloud
to B) may not.

The final movement time of the path is given by the following expression:

Tf inal(θ7,A, θ7,B) = max

{
TDijkstra(θ7,A, θ7,B), max

j=4,5,6

{
|Δqj,AB(θ7,A, θ7,B)|

q̇max,j
cv

}}
(3)

where TDijkstra(θ7,A, θ7,B) is the minimum time yielded by the Dijkstra algorithm and Δqj,AB(θ7,A, θ7,B)

is the total rotation of joint j between points A and B.
At the end of an iteration step, all the possible combinations of θ7,A and θ7,B are compared. The

best combination of those two values, i.e., the one that minimizes Tf inal , provides θ7,A,opt and θ7,B,opt
that are to be used in the next iteration step. To start the next iteration step, the value of δθ is reduced
and the next boundaries of θ7,A and θ7,B are changed. The lower δθ, the better the precision of the
optimal position. In the first iteration, θ7,A,min = θ7,B,min = −180◦ and θ7,A,max = θ7,B,max = 180◦ to
evaluate the entire workspace (Table 2).

At the end of the procedure, the optimal couple of redundant joint angles θ7,A,opt and θ7,B,opt
is provided.
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Table 1. An example of iterations changing δθ from 60◦ to 1◦. Such values were used to run the
algorithm in Test 1.

Step δθ A Bounds (◦) B Bounds (◦) θ7,A,opt θ7,B,opt
(◦) (θ7,A,min,θ7,A,max) (θ7,B,min,θ7,A,max) (◦) (◦)

1 60 [−180, 180] [−180, 180] 0 60
2 45 [−135, 135] [−75, 195] 0 60
3 30 [−120, 120] [−60, 180] 0 30
4 20 [−80, 80] [−50, 110] 0 10
5 10 [−40, 40] [−30, 50] −10 20
6 5 [−30, 10] [0, 40] −15 20
7 2 [−23, −7] [12, 28] −15 22
8 1 [−19, −11] [18, 26] −14 23

Table 2. Values of θ7,A and θ7,B when the first iteration step has δθ = 60◦.

δθ (◦) 60
θ7,A values (◦) [−180, −120, −60, 0, 60, 120, 180]
θ7,B values (◦) [−180, −120, −60, 0, 60, 120, 180]
Number of combinations 49

The optimal solutions are not to be intended as the globally optimal solutions to the problem.
Since this is a nonlinear stochastic problem that has to face many constraints (collision avoidance,
movement between the via points, discretization of the values of the redundant joint angle), the
purpose of the algorithm is to find a local minima of the problem, which, however, can be good enough
to satisfy the majority of the industrial scenarios.

5. Validation

A MATLAB R© script was created through which an ADEPT VIPER s650 six axis robot was
simulated (Figure 2) moving from one working position to another. The PC used for the simulation
was powered by an Intel Core i7-2700K, 16 GB of RAM, and 64 bit Windows 10 Pro 1803 version.

The robot was moved from one side of the workpiece to another so that direct movement was
impossible (the robot would collide with the workpiece). The collision check along the movement was
performed at a frequency of 180 Hz.

The starting position was PA (490, 167.5, 18.4) with the orientation defined by Cardan angles
{x, y, z} = {0, 90,−90}. The ending position was PB (410, −67.5, 48.4) with the orientation defined by
Cardan angles {x, y, z} = {0, 90, 90}. The robot base frame was coincident with the global reference
frame. The parameters of the planes defining the workpiece’s OBB, used by the collision detection
algorithm, are shown in Table 3. Moreover, another plane was added to simulate the table where the
workpiece was placed. The parameters describing this plane are in the seventh column of Table 3.

Table 3. Parameters describing the 6 planes that define workpiece Oriented Bounding Box (OBB)
(Columns 1–6) and the extra plane describing the table where the workpiece is placed (Column 7). The
parameters refer to the point normal form of the equation of a plane: ax + by + cz + λ = 0.

Plane n◦ 1 2 3 4 5 6 7

a 1 −1 0 0 0 0 0
b 0 0 1 −1 0 0 0
c 0 0 0 0 1 −1 −1
λ (mm) −368 532 67 167 1.6 55.4 1.6

The total net of via points was made of 227 points (m1 = 11, m2 = 25), while the number of
feasible via points was 56, and the number of via points connected to the graph was 46 (Figure 3 to
the right).
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In this test, we set the range limits of θ7 angles to ±3 times δθ (first two steps) and ±4 times
δθ (for other steps, see Table 1). This ensured a good trade-off between algorithm performance and
computational time, since for each iteration, it limited the number of computations of the graph.

At first, the lowest movement time at each iteration step was evaluated. In Figure 4 are shown the
results: the lowest movement time decreased from the highest δθ (60◦) to the lowest one (1◦). In this
case, the reduction of the movement time from the higher value of δθ to the lowest one was nearly
23% (Table 4). The computer took 24.88 s to find out θ7,A,opt and θ7,B,opt with eight steps. The best
combinations at each step can be seen in Table 1.

Table 4. Results of the test changing δθ from 60◦ to 1◦.

Step δθ Lowest Movement Time (s) Comparison to Step 1 (%) Total Computational Time (s)

1 60 0.6035 100 1.77
2 45 0.6035 100 3.47
3 30 0.6016 99.7 6.54
4 20 0.5672 94.0 10.42
5 10 0.4893 81.1 14.35
6 5 0.4698 77.8 17.89
7 2 0.4689 77.7 21.37
8 1 0.4655 77.1 24.88

Figure 4. Minimum of moving total time for each step value. The x-axis direction has been reversed to
show the iteration process from left to right.

Figure 5 shows the calculation times and the number of possible combinations of each δθ step.
The calculation times nearly followed the trend of the number of combinations and was capped to the
maximum of 81 starting from the third step. Then, at small δθ values, the calculation times slightly
dropped due to a smaller amount of colliding paths: small variations of θ7,A and θ7,B around the
optimal solution usually did not lead to many path collisions.
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Figure 5. Computational time of the definition of the graph for each step value. The computational
time nearly follows the number of possible combinations. The x-axis direction has been reversed to
show the iteration process from left to right.

Even if a single calculation of 24.88 s reduced the movement time of nearly 23%, a similar result
can be obtained using a reduced number of steps. We performed another test with the same starting
and ending positions, but with only two iteration steps: δθ1 = 30◦ and δθ2 = 5◦. The results (Table 5)
showed that with reduced computational times (only 11.41 s), the lowest movement time was nearly
the same as in the previous test.

In Figure 6, the final movement provided by the algorithm with the parameters of Table 5 is
shown. The shape of the path depended on the density of the via points defined in the workspace.

Figure 6. Cont.
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Figure 6. From the top: the final movement provided by the algorithm for Test 1, with the red dots that
describe the end effector trajectory and the black dots that describe the wrist center trajectory. To the
bottom: corresponding joint angles versus time.

Table 5. Results of the test changing δθ from 30◦ to 5◦.

Step δθ Lowest Movement Time (s) Comparison to Step 1 (%) Total Computational Time (s)

1 30 0.6016 100 5.05
2 5 0.4698 78.1 11.41

Comparison with PRM

A comparison of the proposed method with the Probabilistic Roadmap Method (PRM) was
performed, to compare the solutions obtained and the computational times. The PRM is a sampling
based method that uses the Dijkstra algorithm to connect two points defined in the configuration space
by using randomly generated via points defined in the configuration space. The main differences with
our method are that: (a) the via points were defined randomly (i.e., without considering workpiece
actual encumbrance); (b) wrist rotations were assigned at the via points, and this would force the wrist
joints to make wider rotations along the path with respect to our method.

In the comparison, the PRM was set as follows:

• The sampling of the configuration space of the robot was performed by randomly choosing 227
configurations (equal to the number of via points of our point cloud);

• The configuration space was searched within a limited range of Joint 1, 2, and 3 rotations to reduce
the dispersion of the randomly generated points (which would result in worse performance of the
PRM algorithm); Joint 4, 5, and 6 ranges were not limited, to avoid loosing dexterity;

• Each configuration was connected to the nearest eight configurations (in the configuration space).

With the aim of fitting the PRM to the method described in Section 4, the latter was modified as
follows:

• Point 2 was eliminated;
• Point 3 was modified since the via points were provided by randomly generated samples in the

six-dimensional configuration space;
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• Point 5 was modified since the via points were connected to form branches by finding the eight
closest points in the configuration space.

All the other points of the method were kept unchanged.
Since in the PRM the via points were randomly generated and may yield variable results, 400

instances of the PRM were performed (with two δθ steps as in Table 5). The simulations showed a
mean computational time of 21.2 s (standard deviation of 3.38 s) and a mean robot movement time
of 0.6915 s (standard deviation of 0.2177 s). An example of the PRM solution is shown in Figure 7,
where among 227 random samples, only 133 via points were reachable and connected to the graph. In
this particular case, both the computational time and mean movement times were greater than with
our method.

This was due to the sparse location of the via points in the PRM, most of which were not useful
in the definition of a path with a low movement time. Moreover, the search for the suboptimal
path was performed within a six-dimensional space in the PRM (the configuration space), while the
decoupling of the inverse kinematic problem in our approach allowed searching a three-dimensional
space and then simply interpolating the start and end values of the last three joints, thus reducing the
computational effort [22].

To better understand the difference between our method and the PRM, five different cases were
considered, in which the starting/ending positions and/or the workcell layout were changed (Figure
8): Test 1 was the same as in Figure 6; Test 2 and Test 3 were very simple movements (Test 2 was a
simple rotation around end effector position; Test 3 was a tool repositioning on the same surface on
top of the work piece); Test 4 included a tool repositioning from one side to the top of the workpiece;
Test 5 included the same movement of Test 1 with an additional obstacle to constrain the movement.

Figure 7. The wrist center points provided by Probabilistic Roadmaps (PRM) (to the left) and the
corresponding final movement provided for Test 1, with the red dots that describe the end effector
trajectory and the black dots that describe the wrist center trajectory (to the right). Blue circles are
feasible and connected wrist center points.

Figure 9 shows optimal movement times provided by our method and by the PRM in the five
tests (for the PRM, which was repeated 10 times for each test, minimum/maximum and mean values
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are depicted). Except from Test 2 (simple tool repositioning), where the results were comparable, our
method outperformed the PRM in terms of the minimization of robot movement time. It may be that
the PRM would perform better if we increased the number of the generated via points; however, this
would dramatically increase computational time.

Figure 10 shows the total absolute joint displacements along the optimal path provided by our
method and by the PRM in the five tests (for the PRM, which was repeated 10 times for each test,
minimum/maximum and mean values are depicted). Cumulative displacement of the first three joints,
which accounted for wrist center motion, and of the last three joints, which accounted for wrist rotation,
are shown as well. This figure provides a possible explanation of the results shown in Figure 9: the
PRM tended to produce wider displacements of the last three joints (i.e., wider rotations of the wrist),
since it assigned their values in the via points; as a result, the motion time increased with respect to our
method, where the displacement of the wrist joints was minimized (it equaled the difference between
initial and final rotations in A and B). Even though our method may have sometimes provided wider
rotations of the first three joints (i.e., larger motion of the wrist center), this seemed not to be the
bottleneck in the tests performed.

Another interesting point is that, since the PRM is a stochastic method (in the sense that it
produces a random set of via points), a single execution of it may yield very bad results in terms of
robot movement time. On the other hand, our method provided a very good solution in one single shot.

Figure 8. Starting (A) and ending (B) robot configurations of Tests 2 to 5; redundant angles are null in
all the positions depicted (θ7,A = 0 and θ7,B = 0).
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Figure 9. Optimized movement times retrieved from our method and from PRM. Since PRM planning
was repeated 10 times for each test, the chart shows the minimum, mean, and maximum optimal times
from PRM for each test.

Figure 10. Joint displacement for each joint for each test (to the left) and the corresponding sum of joint
triplets (to the right). Since PRM planning was repeated 10 times for each test, the chart shows the
minimum, mean, and maximum displacements from PRM for each test.

6. Conclusions

In this paper, we dealt with the problem of defining a trajectory of an industrial robot from a given
position to another, when the task is redundant around the tool axis. We proposed a new optimization
technique, which finds the initial and final angles of the redundant axis and a proper sequence of via
points that minimizes the movement time between the given positions while avoiding collisions with
the obstacles at the same time.
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The presented method was based on the automatic generation of a cloud of Cartesian via points
around the workpiece for the wrist center, thus decoupling the inverse kinematic problem. The method
used the Dijkstra algorithm to find the suboptimal path that connected the start and end positions
passing through the via point cloud, and a final check for collision was performed to validate the
solution. The algorithm can iteratively evaluate a high number of starting and ending configurations
in low computational time, allowing one to perform a reasonably wide search of the suboptimal path
within the infinite possible motions between the given points.

The particular choice of the via points in our algorithm allowed not only reducing the
computational time, but also and mainly minimizing wrist rotations along the path, which in turn
helped to obtain low robot motion times. A direct comparison of our method to the PRM in the case of
an anthropomorphic industrial robot showed, in four out of five tested motion tasks, that our method
could outperform the PRM in terms of robot optimal motion time, at a lower computational cost. Such
results should be validated in a wider number of cases; however, their interpretation provided by the
analysis on joint rotations suggested that they may be generalized.
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Abstract: Augmenting the human hand with robotic extra fingers is a cutting-edge research topic
and has many potential applications, in particular as a compensatory and rehabilitation tool for
patients with upper limb impairments. Devices composed of two extra fingers are preferred with
respect to single finger devices when reliable grasps, resistance to external disturbances, and higher
payloads are required. Underactuation and compliance are design choices that can reduce the device
complexity and weight, maintaining the adaptability to different grasped objects. When only one
motor is adopted to actuate multiple fingers, a differential mechanism is necessary to decouple finger
movements and distribute forces. In this paper, the main features of a wearable device composed of
two robotic extra fingers are described and analyzed in terms of kinematics, statics, and mechanical
resistance. Each finger is composed of modular phalanges and is actuated with a single tendon.
Interphalangeal joints include a passive elastic element that allows restoring the initial reference
configuration when the tendon is released. The stiffness of each passive element can be customized in
the manufacturing process and can be chosen according to a desired closure movement of the fingers.
Another key aspect of the device is the differential system connecting the actuator to the fingers.

Keywords: wearable robots; underactuated robots; robotic manipulation

1. Introduction

1.1. Robotic Hands

Robotic hands have represented a challenge for designers and engineers for at least three
decades [1] due to the complexity of grasping and manipulation tasks and device limits [2]. Although
several interesting solutions have been presented in the literature, there are still open challenges. There
are hands that have an anthropomorphic structure [3,4], and others that exploit underactuation and
parallel kinematic structures to gain adaptability to the grasped objects [5]. Applications range from
humanoids [3,6], to prostheses [7], to space applications [5]. Different types of actuations have been
implemented, not limited to electro-mechanic transmissions. In [8], for instance, pneumatic systems
are adopted, while in [9], Shape Memory Alloy were used. Underactuation [10–12] and modularity [13]
are aspects that are investigated to reduce the complexity of the hand by maintaining a suitable level
of performance. Also, transmission systems have a great importance in robotic hands, as described
in [14], where different transmission systems are compared for different robotic hands. Tendon-driven
mechanisms have been widely used in articulated-finger robotic hands. In [15], several interesting
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issues on tendon-driven mechanisms are discussed, with a focus on tendon redundancy and joint
stiffness adjustability for a robotic mechanism driven with redundant tendons.

1.2. Wearable Robotic Extra Fingers

More recently, a new branch in robotics research, involving both robotic hands and human-robot
interaction problems, was born: it is referred to as human augmentation and consists in developing
wearable robotic systems that are supplementary with respect to human body structure [16,17].
A particularly interesting application of wearable robotic extra limbs is introduced in [18]: the proposed
device is a modular robotic extra finger that can be worn by a user as a bracelet and augments the
human hand in terms of workspace and manipulation capabilities. An underactuated version of this
device has been introduced in [19] to assist patients with limited hand and arm functions for instance
after a stroke event. Another implementation of wearable robotic extra fingers is presented in [20],
in which a pair of soft robotic fingers driven by tendons and servomotors are worn on a human hand
and lay on the same plane of the palm, working as two additional thumbs. In applications in which
wearable extra fingers are used as compensatory devices, although the availability of a wearable robotic
extra-finger opposed to the paretic limb allows the patient a stable hold for a large number of objects, a
solution with two or multiple fingers could further help the user when performing some activities
requiring higher payloads and grasp stability [21].

1.3. Underactuation in Robotic Extra Fingers

Underactuation is an important aspect to be considered in designing safe and robust robotic hands
and fingers. Reducing the number of actuators is particularly important in wearable devices, in which
the weight and the complexity should be reduced as much as possible. In general, an underactuated
mechanism is defined as a mechanism that has fewer actuators than degrees of freedom. In robotic
hands, it is important to notice that underactuation can provide interesting properties to the device,
like for instance self adaptability [22]. However, reducing the number of actuated degrees of freedom
(DoFs) may decrease the overall manipulability properties and the capability to adapt to different
shapes and dimensions of grasped objects. For single-finger robotic devices, these properties can be
partially recovered by means of compliance, that in the wearable device introduced in [19] has been
implemented by passive elastic elements in interphalangeal joints.

1.4. Differential Mechanisms

In devices composed of more than one finger, however, joint compliance is not enough to guarantee
the adaptability to the different shapes of grasped objects. If one motor is employed directly to drive
simultaneously the opening and closing motion of the fingers, when a finger is blocked, due to the
contact with an object or a surface, the other one will stop, too. A differential mechanism is therefore
necessary in devices composed of multiple fingers actuated with a single motor. For a double robotic
extra finger, that is a device with two outputs and one input, a simple differential mechanism can
be used to decouple finger motions when one of them is constrained. In general, a differential is a
mechanism with two-degrees of freedom able to transform a single input into two outputs. The role
of the differential mechanism is to distribute an input force/torque Fa between two outputs, Fa

1 and
Fa

2, so that Fa = Fa
1 + Fa

2. In the literature, there are many applications of differential mechanisms
for robotic fingers and hands [23]. In [24], a differential system based on gears is used for a novel
architecture of robotic hand and the properties of differential mechanisms arranged in cascade via
parallel or serial connections is studied. In [25], a planetary gear solution and a fluid T-pipe scheme are
described. In [26], a moving pulley differential mechanism was used, while in [3] a differential with a
T-shape fluid mechanism and the connected seesaw circuit is presented. In [27], an underactuated
anthropomorphic gripper for prosthetic applications was presented, in which a mechanical lever inside
the palm allowed to extend the grasping capabilities and improve the force transmission ratio of the
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gripper. This mechanism was further developed in [28], in which the differential mechanism included
a set of locking buttons allowing the user to stop the motion of each finger.

1.5. Paper Contribution

In this paper, the main criteria that were followed to design a double robotic extra finger for
compensating and augmenting human hand abilities (Figure 1) are described. Differently from previous
works [19,21], all the mechanical components of the fingers were designed in a parametric way, to
further exploit the modularity of the device and adapt it to different users and applications. A double
wearable robotic extra finger was preliminarily introduced in [29], however, in that device both fingers
were actuated with the same motor, using a single Y-shaped tendon that constrained fingers’ motions.
This solution was an improvement with respect to a single finger, as it allowed to increase the grasping
quality in terms of number of contacts, stability, and grasp stiffness. However, the wearable robot
introduced in [29] was not able to adapt to grasp objects with irregular shapes or multiple objects,
due to the coupling between fingers generated by the single tendon. The problem can be solved by
inserting a differential system between the actuator and the fingers, allowing to decouple their motions.
In this paper, we analyze the requirements and main design aspects of the differential mechanism that
is necessary to guarantee the proper and decoupled closure movement of each of the two fingers.

   

(a) (b) (c) 

Figure 1. The prototype of the device, consisting in two wearable extra fingers, worn by a user.
(a) Reference open configuration. (b) Closed configuration. (c) Example of how the differential
mechanism decouples the motion of the fingers, so that the device can adapt to different surfaces and
object shapes.

The device that is described in the following sections consists of two main parts: the support base
and the mobile part, composed of two modular robotic fingers actuated by means of two tendons
and a single motor. The end edge of each tendon is fixed on the distal module of the finger, while the
opposite side is fastened to an element sliding inside the differential box. Fingers are composed by rigid
phalanges connected by compliant interphalangeal joints, that can be approximated as simple 1-DoF
revolute joints. When the motor actuates the differential by pulling the sliding element, both tendons
flex the fingers, that reach a configuration that is suitable for grasping objects (closed configuration,
Figure 1b), while when the torque of the motor is released, the passive elastic elements in the joints
restore the fingers to their initial extended configuration (reference open configuration, Figure 1a).

The paper is organized as follows. After an overview of the finger structure (Section 2), a detailed
mechanical analysis of the device is given in Section 3 and a first prototype is described in Section 4.
Sections 5 and 6 draw the conclusions of the paper, summarizing envisaged applications of the
proposed wearable robotic device.

265



Robotics 2019, 8, 102

2. Device Overview

Figure 1 shows the prototype of the double robotic extra finger presented in this work, constituted
by two fingers. Each finger has 7 modules, each of which has a part that can be approximately considered
rigid (white phalanges in Figure 1) and a part that is passively deformable (black interphalangeal joints
in Figure 1). Finger orientation with respect to the fixed support can be manually adapted by the user
according to the specific task (see the video S1 in Supplementary Materials).

Rigid elements of the finger can be created with standard Fused Deposition Modelling (FDM)
techniques and materials, as for instance Acrylonitrile Butadiene Styrene (ABS) or Polylactic Acid (PLA).
For the deformable passive interphalangeal elements, a material that can undergo high deformations
when subject to external forces is needed: for these elements, we employed Thermoplastic Polyurethane
(TPU) [30], a plastic material that has this desirable mechanical property and can be also manufactured
with standard FDM techniques. Furthermore, by changing some manufacturing parameters, as for
instance the infill density percentage or pattern, it is possible to modify mechanical properties of the
component. The main elements composing modular fingers, as detailed in Figure 2, are rigid elements
(Figure 2a–c) and deformable elements (Figure 2d). Three different rigid elements have been designed
for the proximal (Figure 2a), intermediate (Figure 2b), and distal (Figure 2c) phalanges. The structure
is modular and solutions with different numbers of phalanges can be easily realized. In this paper, we
considered fingers composed of seven modules, since we verified that this value is an acceptable trade
off to guarantee wearability and suitable grasp capability of several objects related to activities of daily
living (ADL).

  
(a) (b) 

  
(c) (d) 

Figure 2. Main components of the modular underactuated finger. (a) Proximal element connected to
finger base; (b) intermediate phalanx; (c) distal phalanx; (d) deformable interphalangeal element.

Each finger is actuated with a single tendon, connected on one side to the actuation and
transmission part, and on the other side to the distal phalanx. When the motor actuation pulls the
tendon, fingers close following a movement that depends on passive deformable element stiffness.
The next section presents the method followed for choosing the mechanical properties (stiffness) of
passive elements in interphalangeal joints to obtain a desired closure motion, and how it was applied
to different configurations of single and double extra fingers.
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The motor and differential mechanism of the double extra finger are installed in a support fixed
on user’s forearm (Figure 1a), the overall encumbrance of the motor, differential, and tendon routing
system is 130 × 50 × 40 mm. The size of this support can be customized and modelled according
to user’s specific requirements. In particular, in future developments of this work we will use 3D
scanner techniques [31,32] to reconstruct user’s forearm geometry and to customize the design of the
fixed support.

The motor, fixed at the base of the box, rotates the drive pulley. The first tendon connects the
motor pulley to a sliding element. Two secondary tendons connect the pulleys of the sliding element
to the fingers and are fixed to their distal phalanges.

The main components of the device are shown in the CAD model represented in Figure 3 and
are: A) the actuator, B) the drive pulley, C) the fixed pin necessary to provide a suitable direction
to the tendon, D) the sliding element, E) two elements necessary to provide the right directions to
tendons connected to the fingers, F) the tendons, the finger modules, constituted by G) a rigid element,
H) connected to a compliant element, J) through cylindrical guides.

 

Figure 3. Main components of the device. Tendons are represented in green. A—actuator. B—drive
pulley. C—fixed pin necessary to provide a suitable direction to the tendon. D—Sliding element.
E—elements necessary to provide the right directions to finger tendons. F—Tendon. G—Rigid
interphalangeal element. H—Flexible joint element. J—cylindrical connection between rigid and
flexible elements.

Assembling and de-assembling fingers to adapt them to specific needs or to substitute some of
the components is a task that does not need specific knowledge or skills, even if bi-manual operations
are required. If the device is used as a rehabilitation or compensation tool by a patient with upper limb
impairments limiting its functionality, this operation can be managed for instance by the physiotherapist,
a family member, a collaborator, etc. Referring to the elements sketched in Figure 3, the needed
operations are: i) disconnect the tendon (F) of the finger that needs to be adapted; ii) de-assemble and
re-assemble rigid/flexible elements (G,H) of the finger according to the new configuration (flexible joint
passive elements can be connected/disconnected to the rigid links by sliding them along the cylindrical
guides in the rigid links (J)); iii) if the number of phalanges has been modified, also tendon length
needs to be adapted; iv) re-connect the tendon to the distal phalanx and to the differential sliding
element, passing through the rigid links.
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3. Analysis

3.1. Design of Finger Passive Elements

As introduced in the previous section, each finger has a single tendon and then, when actuated,
can follow only one predefined closure motion. The characteristics of closure motion depend on
both geometrical properties of finger components and on the stiffness of the passive element in the
interphalangeal joints. When a pulling force is applied to the tendon, stiffer joints will bend less
than softer ones. By properly regulating the stiffness of each of the passive elements, it is therefore
possible to shape the closure motion. As previously introduced, the modular structure of the finger
allows to easily add, remove, or substitute the passive interphalangeal elements, to adapt the finger to
different applications.

The first step consists of choosing the closure motion that has to be followed by the extra finger.
In this paper, we focus on a double extra finger device, however the procedure that we present is

general and can be adapted to any number of fingers. Let us indicate with r1des(z) = [x1des(z), y1des(z),
z1des(z)]T and r2des(z) = [x2des(z), y2des(z), z2des(z)]T two vectors containing the desired trajectories of
fingertips, with respect to a reference frame {S0} fixed on fingers’ base. Fingertip coordinates are
defined as a function of the variable z, describing the “closure” (z = 0 for completely open fingers, z = 1
for completely closed fingers). For the sake of compactness, let us also collect both finger trajectories in
a unique vector [rdes (z)] = [[r1des(z)]T, [r2des(z)]T]T.

To let the extra fingers be able to grasp a wide range of objects, cooperating with the human hand,
it is important to choose the most suitable finger closure movement. Different methods can be used
to define the desired trajectories rdes(z). In the simulations presented in the following we adopt the
procedure based on bio-artificial synergies proposed in [33]. The concept of bio-artificial synergies
was introduced in [34] to control wearable extra fingers. Synergies were derived, similarly to [35], by
performing the Principal Component Analysis (PCA) on a set of grasps performed by the human hand
augmented by two robotic extra fingers. In this paper, we exploit the concept of synergies but we could
not extract directly the augmented hand synergy as in [34], since the methodology therein proposed
was based on the analysis of a dataset of grasps, that is not available in the design phase of the device.
Here we extend the idea of mapping human hand synergies introduced for the human hand in [35],
based on the definition of a virtual object, that we presented in some previous works. The method to
map human hand first postural synergy to robotic extra fingers has been previously introduced in [33]
and in [36]. The output of the mapping procedure are the fingertip trajectories that we want to obtain
when actuating the robotic extra fingers.

We therefore choose a set of discrete samples for the variable z describing fingers’ closure motion,
z = [z1, . . . , zNs], we indicate with zi, with i = 1, . . . , Ns the generic sample, so that z1 = 0 and zNs = 1.
We indicate with q a vector containing all the rotations of interphalangeal joints and with q0 its value
corresponding to the initial (completely open) configuration. The value of q at the generic configuration
zi can be evaluated by means of a standard inverse kinematic procedure, in particular, in this work we
adopted an approximated algorithm based on the Jacobian pseudo-inverse, so that:

qi = qi−1 + [J(qi−1)]
#(rdes(zi) − rdes(zi−1)) (1)

where J(q) represent the Jacobian matrix of the fingers, relating joint rotation time derivatives to
fingertip velocities, i.e.,

.
r = J(q)

.
q (2)

and # indicates its pseudo-inverse, i.e., [J]# = [J]T
(
[J][J]T

)−1
.

Indicating with Δl is a vector collecting the variation of tendon lengths with respect to the initial
reference configuration, choosing the closure motion means specifying the relationship:

q = q(Δl), (3)
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assuming that no external forces, except the tendon force, are applied to the finger elements. In other
terms, in this phase we do not consider any contact between finger elements and an object or the
environment. For the prototype that has been introduced in the previous section, q is a vector with
14 elements (7 joints per finger), and Δl is a vector with 2 elements (lengths of the tendons connected to
each finger). In general, in an underactuated system, such a relationship cannot be defined, however,
in our case, it can be established since in the joints there are passive elastic elements. The evaluation of
the relationship in Equation (3) is possible if the stiffness values of the passive elements are known,
as detailed in [33].

As we introduced above, in an underactuated mechanism it is not possible to define the relationship
introduced in Equation (3), but it is easy to define, by means of simple geometrical considerations, its
dual, i.e.,

Δl = Mq. (4)

It is interesting to notice that this relation can be approximated with a linear map, and the elements
of matrix M (whose dimension is 2 × 14 for the device introduced in Section 2) depend on finger
geometrical properties [15]. By applying the Principle of Virtual Works to the fingers, it is easy to
show that:

τ = MTf, (5)

where τ is a vector collecting joint stiffness values, while f is the tendon force vector. Since in each joint
a passive element is present, from the static analysis of the finger, it results that

τ−Kq
(
q− q0

)
= 0, (6)

where q0 indicates the reference joint configurations, i.e., the configuration corresponding to τ = 0, and
Kq is the stiffness matrix. Kq elements represent the stiffness of passive elements of the interphalangeal
joints. Since these elements are realized with a material with a high flexibility, in general to describe its
overall compliance, a 6× 6 matrix should be necessary. However, it is reasonable to neglect the linear
terms (normal and shear deformations), while regarding the rotation elements, the bending stiffness
with respect to an axis perpendicular to the finger closure plane is much lower than the value evaluated
in the lateral direction, and it is also higher than the torsional stiffness. It is therefore reasonable to
model the passive element as a single DoF revolute joint, with an equivalent stiffness value kqi. Matrix
Kq is a diagonal matrix collecting all the kqi values.

Once the desired closure motion rdes(z) is defined, through the inverse kinematics algorithm in
Equation (1) is possible to define the corresponding reference values for interphalangeal joint rotations,
qr = qr(Δl), and therefore, from Equations (3)–(6) it is possible to find the stiffness matrix

Kq = Kq
(
qr, q0, f

)
. (7)

The second step of the procedure consists in the definition of the stiffness value that each passive
element of finger joints has to assume so to realize the desired closure motion. For a more detailed
description of the procedure, the reader can refer to [33].

In this paper, we report the results obtained by applying this procedure to three different
configurations of human hand and extra fingers. For the evaluation, we realized the mathematical
models of the hand augmented with the robotic extra fingers using SynGrasp [37], a Matlab toolbox for
the simulation of robotic hand grasping and manipulation, that can manage synergy-actuated and more
in general underactuated structures. The human hand biologically has 27 DoF, in this study we adopted
a model with 20 DoF, similar to the one described in [38], in which we neglected the carpometacarpal
(CMC) articulation of index, middle, ring, and little fingers. We choose this simplified model because
we could apply to it the quantitative results, in terms of bio-artificial synergies, evaluated in [35] and
available in the Hand Corpus repository (https://www.handcorpus.org/) [39].
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Figure 4a shows a link-joint representation of the kinematic structure of the hand augmented with
two extra fingers, each extra finger is composed of seven modules. Figure 4b shows the augmented
hand configuration when the human fingers are actuated according to the first postural synergy
evaluated in [35] and the motion of the robotic ones are evaluated with the mapping procedure reported
in [36].

 
 

(a) (b) 

Figure 4. SynGrasp model of the human hand augmented with two robotic extra fingers. Black lines
represent rigid links, cylinders represent revolute joints. The human hand is modelled as a 20 degrees
of freedom (DoF) system, augmented fingers have a modular structure with seven elements. (a)
Reference initial configuration. (b) Configuration of the hand when the first synergy is activated, in an
intermediate configuration between the initial reference and the completely closed ones.

According to the procedure that we previously described, stiffness values of the passive elastic
interphalangeal elements of robotic fingers depend on the trajectory that is mapped, but also on the
structure of the robotic fingers, and on the force applied on the tendons by the motor. Table 1 summarizes
stiffness values obtained with extra fingers composed of 7 modules, in the three configurations, shown
in Figure 5: single extra finger opposite to human hand palm (Figure 5a), double configuration with
two parallel fingers opposite to human hand palm (Figure 5b), double configuration, with two opposite
fingers, one close to human thumb and the other one close to the little finger (Figure 5c). This last
configuration has been considered in the analysis phase to verify the effect of finger configuration
on closure motion and of the corresponding joint stiffness values. As previously introduced, the
orientation of the fingers with respect to the hand can be manually regulated by the user to adapt to
different objects and tasks. A configuration similar to the one described in Figure 5c is the one described
in [20]. Values in Table 1 have been normalized with respect to the stiffness of the proximal joint, in this
way it is possible to compare single and double finger configurations. Since the analyzed configurations
are symmetric with respect to the hand, for the sake of brevity in double finger configurations the
results have been reported only for one of the fingers. As it can be seen, single and double parallel
configurations present similar stiffness values, while the double opposite configuration presents
some differences.
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(a) (b) (c) 

Figure 5. Configurations that we compared for the evaluation of passive joint stiffness with the mapping
procedure applied to the first human hand postural synergy. (a) Single finger, opposite to human hand.
(b) Double configuration, fingers opposite to human hand palm. (c) Double configurations, fingers are
aligned with hand palm.

Table 1. Passive elements of interphalangeal joints, stiffness values normalized with respect to the first
(proximal) element, evaluated for the three configurations shown in Figure 6.

Configuration k1/k1 k2/k1 k3/k1 k4/k1 k5/k1 k6/k1 k7/k1

Single (Figure 5a) 1.00 1.17 1.39 1.74 2.32 3.50 6.98
Double, opposite to the palm (Figure 5b) 1.00 1.10 1.33 1.65 2.20 3.31 6.61

Double, aligned with the palm (Figure 5c) 1.00 1.43 1.71 2.14 2.85 4.28 8.57

Figure 6a shows, for one of the fingers of the configuration in Figure 5b, the stiffness values of
the passive interphalangeal elements Kq, that have been evaluated on the basis of the motion that we
imposed on the fingers, represented as a function of the variable z, describing finger closure, that for
this type of mapping is also related to synergy actuation [36] (z = 0 in the reference open configuration,
z = 1 when the hand is closed).

It is interesting to notice that:

• Kq values vary for the different joints: their values determine the closure motion of the fingers
and are defined on the basis of the mapping procedure proposed in [36] and in [33].

• Kq values vary as a function of hand configuration, however, for the motion that we selected, such
a variation is not very high.

To highlight the effect of joint stiffness values in the closure motion of the finger, in Figure 6b we
simulated, for one of the robotic extra fingers, the trajectory of the fingertips obtained with the variable
stiffness values defined by the previously described procedure, exactly resembling the “ideal” desired
trajectory, (blue curve), the one that we obtain if we consider, for each joint, the mean stiffness value
(red curve), and the one that we would obtain if all the joints of the finger had the same stiffness value
(magenta curve). As it can be seen, the difference between the blue curve and the red one is quite
limited, compatible with the precision required for this type of device (few millimeters), so considering
a stiffness value different for all the joints, but constant for each joint, does not introduce significant
difference between the closure motion that was planned and the one that can be obtained with the
underactuated finger. On the other hand, the difference between ideal fingertip trajectory and the one
obtained with the same joint stiffness for all the modules (in the simulation we assumed the mean
stiffness value among all the joints) is very high.
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(a) (b) 

Figure 6. (a) Joint stiffness values for one of the extra fingers of the configuration in Figure 5b, evaluated
as a function of synergy activation. (b) For the same configuration, trajectories of one of the fingertips,
during a finger closure motion, projected on a plane. Different trajectories are obtained by considering
variable stiffness profile evaluated by means of the mapping procedure (blue curve), the mean stiffness
value (constant) for each joint (red curve), the mean stiffness value for all the joints (magenta curve).

The third step consists in creating the passive elements so that their stiffness is the one calculated
in the previous phase. We analyzed the possibility of tuning finger joint stiffness values by exploiting
the potentialities of 3D printing fabrication methods, that are nowadays rapidly improving and
offering interesting opportunities. In particular, choosing a material as the Thermoplastic Polyurethane
(TPU) for realizing the flexible parts, we can get different stiffness values, while maintaining the
same geometric shape, by regulating the percentage of infill density. This parameter affects primarily
material density, but also its mechanical properties [30]. As an example, Table 2 summarizes the
variation of Young’s modulus E of TPU as a function of the infill percentage density.

Table 2. Properties of Thermoplastic Polyurethane (TPU) as a function of infill density percentage.

Infill Density % E (MPa)

10 1.07
30 1.38
50 2.07
70 6.53
90 9.45

100 10.5

In a more general framework, the overall passive stiffness of a generic joint, indicated with k,
depends mainly on joint geometry and material structural properties, and, considering a linear elastic
behavior, on Young’s modulus E, i.e.,:

k = k(d, E), (8)

where d is a vector containing all the parameters defining joint geometry (e.g., for a parallelepiped
joint, its length l, width w and thickness t). Young’s modulus E depends on material parameters and
fabrication methods, i.e.,:

E = E(p1, p2, . . . , pn), (9)

where each value pi indicates one specific material property. In this work, we exploited the dependency
of k with respect to infill density percentage to define robotic finger properties. Future developments
of this study will consider other manufacturing parameters, as for instance the infill pattern profile,
and also composite materials.
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3.2. Mechanical Transmission and Differential Mechanism Analysis

Concerning the differential system, the solution proposed in this paper to actuate a double extra
finger device for human hand augmentation is inspired by Dollar’s work on underactuated robotic
hands [40], using a moving pulley system; in Figure 7, a simplified and general scheme of this kind of
differential is presented [23].

 

Figure 7. Simplified scheme of a typical differential mechanism with moving pulley.

The motivation for this choice is the compactness and excellent adaptability to the human’s
forearm dimensions and, since the robotic fingers that are connected through the mechanism use
tendons, the mobile pulley mechanism is the most effective system for force transmission. A spring is
often used to keep the two outputs in the same reference configuration when the system is not actuated,
and the fingers are not externally constrained.

The pulley has 2 DoF: it can translate along a sliding guide (realizing a prismatic joint) and it can
rotate around an axis perpendicular to the plane of the figure.

In this scheme, the input force is Fa and the output ones are Fa
1 and Fa

2. The spring applies a torque
Ts. In static equilibrium condition the following relationship holds:

F =
[
T f
]
t∗ (10)

with

F =

[
Fa

1
Fa

2

]
t∗ =

[
Fa
Ts

]
(11)

where the transformation matrix
[
T f
]

is

[
T f
]
=

1
c

[
r sinα2

r − sinα1

]
(12)

where c is the sum of the distances of A1 and A2 points from the sliding guide (or prismatic joint)

c = r (sinα1 + sinα2) (13)

and α1 and α2 are the angles shown in Figure 6. If the stiffness of the spring is negligible, Equation (10)
can be simplified as:

Fa
1 = Fa

2 =
Fa

sinα1 + sinα2
(14)
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An important property of this differential mechanism is that it is isotropic, and thus the two
output forces are equal for any value of α1 and α2. The ratio Fa

i /Fa for i = 1,2 is influenced by α1 and
α2, and c must be positive for a proper device working.

The distance between the pin and the sliding has to be at least equal to the maximum distance
that the pulley has to travel while both the fingers are completely closed from an initial extended
configuration. Let us consider one of the fingers and let us indicate with Θ the generic rotation between
the xn axis, defined on the distal phalanx of one finger and the reference direction x0 on the device
base. Reference frames are defined so that Θ = 0 in the initial extended configuration, while Θ = Θc

in the configuration corresponding to complete finger closure. Let us indicate with ϑi the rotation of
the i-th joint, so that

Θc =
∑n

i=1
ϑi (15)

To obtain the rotation ϑi the tendon is pulled by the motor and its length variation is indicated
with Δli (Figure 8). When the joint is rotated, the elastic element bends; indicating with l its length
and assuming that after the deformation its profile is circular, its curvature radius can be evaluated as
ri =

l
ϑi

. The corresponding arc cord can be evaluated as:

ai = 2ri sin
(
ϑi
2

)
(16)

and tendon length variation is therefore (Figure 8)

Δli = l− ai
l
(ri − h) = l− 2ri

(ri − h)
ri

sin
(ϑi

2

)
(17)

 
Figure 8. Deformations of interphalangeal joints, scheme, and main geometrical parameters.

To close the fingers, it is necessary to vary the length of the tendon by Δltot, that can be evaluated as

Δltot =
n∑
1

Δli (18)

Assuming li = 17.3 mm for all the elements, h = 5 mm and Θc = 2π we obtain Δltot = 28 mm:
this is the maximum length variation of the tendon and corresponds to the maximum displacement
of the sliding element. This result is necessary to define the minimum size of the box containing the
differential mechanism.

Δltot represents also the maximum difference between fingers’ tendon lengths when the differential
is working, for example when one of the fingers is blocked in its straight initial configuration and the
other one is free and can complete the closure.

Two possible solutions can be realized (Figure 9): in the first one (Figure 9a) the sliding element of
the differential is constrained to move in one fixed direction by means of a prismatic joint, the two
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tendons are connected in a unique tendon that can slide over the element. In this case at least one
pulley is necessary to reduce the friction. In the second solution (Figure 9b), the sliding element is able
both to slide and to tilt inside the box, and the output tendons are connected directly to its edges, the
differentiation between output motions is possible thanks to the tilting motion of the sliding element.

 

 

(a) (b) 

Figure 9. Two different schemes for the differential mechanism. (a) differential based on a pulley
mechanism translating along a fixed direction; (b) differential based on the tilting motion of an element.

The first solution allows a more compact implementation; however, it requires that the sliding
element is not a rigid body (at least one pulley, connected to the main body of the sliding element
through a revolute joint, is needed).

Considering a single pulley, as shown in Figure 9a, indicating with R its radius, when a differential
motion Δltot is required, pulley rotation is simply given by

ϕ =
Δltot

R
(19)

The second solution needs larger components, but simpler from the mechanical and manufacturing
point of view. In a preliminary design phase, we analyzed both the solutions, in the following
prototyping phase we realized the second solution because it resulted mechanically simpler and more
robust. Indicating with L the width of the sliding element, i.e., the distance between the points in
which fingers tendons are connected to it and with β its rotation generated by a difference Δltot between
the deformation of fingers’ tendons, it is easy to verify that (Figure 9b):

Δltot

L
= sin β (20)

assuming L = 32 mm, we get β = 64◦.

3.3. Structural Analysis of Rigid Elements

For the realization of the prototypes we exploited standard additive manufacturing techniques,
that allow to use light materials with quite low price, and to easily adapt the design to specific
user’s need. The differential mechanism was designed for a standard 3D printing considering generic
Acrylonitrile Butadiene Styrene (ABS) material, that has a limited density, good structural properties,
good resistance to heat and impacts [41]. The main mechanical properties of ABS material are
summarized in Table 3.
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Table 3. Acrylonitrile Butadiene Styrene (ABS) main mechanical properties.

Property Value Unit

Density 1.03 kg/m3

Elastic modulus 2000 MPa
Poisson’s coefficient 0.394

Yield stress 45–60 MPa MPa
Specific heat 1386 J/(kg K) J/(kg K)

Thermal conductivity 0.2256 W/(m k) W/(m k)

Considering the limited dimensions of the mechanical components and the loads that they have to
resist; a static analysis of the most solicited elements was performed testing their resistance by means
Finite Element Method (FEM) analysis.

3.3.1. Force Analysis

When the motor applies the maximum torque (we considered a Dynamixel MX-28T— Robotis,
South Korea—able to apply a torque of 3.1 Nm @ 12 V), assuming a motor pulley radius of 11 mm, we
get an equivalent force on the tendon equal to F = 282 N. In quasi-static conditions the elements of the
differential mechanism are subject to the forces sketched in Figure 10.

 

Figure 10. Sketch of the forces acting on the main elements of the finger actuation and transmission
system in quasistatic conditions. When the motor applies its maximum torque, 3.1 Nm at 12 V, the force
applied to the tendon driving the differential is F = 282 N. The forces applied to the tendons driven by
the differential and connected to the fingers is therefore F/2 = 141 N.

3.3.2. Stress Analysis Results

Given the previously introduced force distribution, we analyzed stress distribution on the main
elements of the finger transmission. The most stressed element results to be the sliding element. The
dimensions of the sliding element have been defined based on geometrical considerations summarized
in the preceding sections. On the motor side, the central pivot is tied to the tendon connected to the
driving pulley, that allows sliding. On the finger side, two tendons are connected to the finger pins.
Figure 11a shows Von Mises equivalent stress distribution. It can be noticed that the central pivot is the
most stressed part of the sliding element. There are peaks of stress concentration in the edges that are
not compatible with a standard ABS material. This drawback can be easily mitigated in the design and
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prototyping phase by increasing fillet radii. Since this is the most stressed element of the transmission
system and it is not physically connected to other components, we can also consider different types of
material to realize it, as for instance ABS reinforced with carbon or metal fiber [30], or metal alloys.

 
 

(a) (b) 

Figure 11. Main results of the static FEM analysis on some elements of the transmission and differential.
Equivalent Von Mises stress distributions are reported. (a) Sliding element, (b) rigid element of
finger phalanges.

Rigid elements of finger phalanges have a quite robust shape; in Figure 11b we report as an
example the results of a FEM static simulation in which we applied a compressive loading of 40 N.
As it can be seen, the overall stress level is low.

4. Prototype Presentation

A simplified demonstrative prototype of the proposed double finger device is shown in Figure 1.
As previously explained, the device has been designed to be wearable, robust and compliant to adapt to
different object shapes. The device consists of two main parts, a support base and two flexible fingers.
The flexible fingers have a modular structure, each module is composed of a 3D printed ABS polymeric
part that acts as a rigid link and a TPU part that realizes the flexible joint. Soft rubber pads are glued to
the rigid links to increase the friction at possible contact areas. The modules are assembled by sliding
the flexible part in the rigid one (Figure 2). The support base of the finger is realized in ABS. It contains
the actuator, the differential and two elastic bands that allows the user to wear it on the forearm.

The actuator moves the fingers through a tendon connected to the sliding element that constitute
the differential. A hole in the rigid links allows the passage of a cable (Dyneema polyethylene fiber,
Japan) which is used to realize the tendon driven actuation. The tendon wires run through the fingers
and are attached on one side to the fingertips and on the other to the sliding element. Another tendon
connects the sliding element to a pulley connected to the actuator. The actuator used, as previously
introduced, is a Dynamixel servo AX12-A (Robotis, Korea) [42]. Principal details on the motor and
device features are reported in Table 4. We use ArbotiX-M Robocontroller to drive the Dynamixel
motor [43]. This control solution for Dynamixel motors incorporates an AVR microcontroller, Xbee
wireless radio and the motor driver.
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Table 4. Main technical properties of the prototype.

Description Value Unit

Rigid module, dimension 20 × 31 × 12 mm
Flexible module, dimension 20 × 18 × 2 mm

Support base, dimension (approx.) 170 × 50 × 40 mm
Actuator, dimension 71 × 71 × 45 mm

Actuator, weight 146 g
Max torque (@ 12V) 3.1 Nm

Pulley radius 11 mm
Max current (@ 12 V) 1.4 A

Operating angles 300 ◦
Max unloaded velocity 684 ◦/s

Total weight 210 g

Interfaces for controlling wearable extra fingers have been developed within this research activity,
for the sake of brevity we report in this paper a brief summary on the main solutions. The key aspects
that were considered in the design of these interfaces were reliability, easiness and intuitiveness of
use also by untrained people, accessibility from people with partial upper limb impairments, and
limited costs. Different wearable interfaces have been developed to control wearable extra fingers,
and also to let the user feel a haptic stimulus communicating a specific state of the robotic extra finger.
An interesting example control device is the eCap, an Electromyography (EMG) interface embedded in
a cap: wearing the eCap the user can control the flexion/extension of the robotic finger by contracting
the frontalis muscle by moving his or her eyebrows upwards. The motion of the robotic extra finger is
controlled using a trigger signal based finite state machine (FSM), as detailed in [44].

Another possible interface is the so-called hRing, a ring that can be worn by the user on the healthy
hand, provided by buttons for opening/closing the wearable extra fingers and with a vibrating motor
providing a haptic cutaneous feedback stimulus to the user’s healthy hand [44].

For control design, a simple and robust solution has been implemented. Device actuator is position
controlled, a linearly increasing/decreasing reference position value is sent to the actuator according
to inputs provided by the users through the interface or state variations, as detailed in the following.
The prototype proposed in this paper has not position/force sensors on the fingers, control system
behavior is developed on the basis of motor internal sensors only. In particular, it is possible to use the
internal controller available in the servomotor to control the exerted torque. This controller uses a
torque estimation based on the measured load current. The torque control may be used to limit the
grasping force on the objects or to check whether an object is firmly grasped. This information can be
haptically communicated to the user as a vibration signal if the hRing interface is employed. Examples
on the use of torque control can be found in [45].

Through the interfaces, the users control the motion/stop of the finger with a specific command
on the control interface (e.g., a single muscle contraction with the eCap, the activation of one of the
two buttons on the hRing). Once the finger is stopped, another input (e.g., two contractions of the
muscle, the activation of the second button in the hRing) switches the direction of motion from flexion
to extension and vice versa. A software defined trigger stops the actuator’s motion once the object
is considered as grasped, to avoid a torque overloading situation. Object grasping is detected by
continuous monitoring of the actuator’s shaft position and the exerted torque.

In particular, when flexion command is selected, a desired position for the servomotor ϑdes,
corresponding to a configuration in which, both the extra fingers are completely flexed. For instance,
for the device previously introduced, with 7 modules for both the fingers, from Equation (16), it results
that the overall displacement of the main tendon, needed to fully close the fingers, is Δltot = 28 mm.
Considering that the pulley connected to the servomotor is rm = 11 mm, the corresponding rotation
for the motor is ϑdes =150◦. The desired value of the angular velocity (ωdes =33.3 ◦/s) is also set in the
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position control system. When extension/release command is selected by the user, the desired position
is set to 0◦, which results in the finger completely extended, with the same desired velocity.

The lack of precision in sensing and control is compensated by the adaptability properties of
the device, inherently provided by joint passive compliance and by the differential mechanism that
decouples fingers’ closure motions [7]. More complex control strategies were tested in some preliminary
works [18], but they were suitable for fully actuated devices and needed sophisticated and expensive
sensors for human hand tracking, for example a Cyberglove [46]. Although these works provided
us interesting results, we recognized that they were not suited for the application outside research
laboratories, with patients dealing with everyday activities.

Figure 12 shows some examples of grasps realized with the wearable device. As it can be seen,
even if the device is actuated by only one motor, the underactuated structure of the fingers and the
differential system allow the device to adapt to different object shapes, realizing stable grasps of large
objects, having a weight up to 2 kg, and also to grasp multiple objects. Device performance, in terms
of payload (e.g., maximum weight of the grasped object, maximum fingertip force, maximum and
minimum diameter of the grasped object), are summarized in Table 5. It is worth to notice that some
of the grasps reported in Figure 12 would be weak or impossible with a single finger device (e.g.,
Figure 12c–e) or with a double extra finger without differential mechanism as the one presented in [29]
(Figure 12c,e). Other grasp examples have been presented in the video S1 in Supplementary Materials.

(a) (b) (c) (d) (e) 

Figure 12. Examples of grasps realized with the wearable device: (a) apple, (b) rectangular box, (c) glass,
(d) bottle, (e) two different objects (battery packs).

Table 5. Main performance parameters of the prototype.

Description Value Unit

Max payload 2 kg
Max force at the fingertip (closed) 12 N
Max force at the fingertip (open) 6 N

Diameter of the smallest graspable object 17 mm
Diameter of the largest graspable object 180 mm

5. Discussion on Potential Applications, Links

Wearable robots present interesting design challenges, since they are expected to closely work
and collaborate with users, in an unstructured and dynamical environment. Wearable devices require
additional design requirements, concerning weight, adaptability to user’s body specificity, safety,
robustness, and easiness of use. A rather new research branch in wearable robotics deals with human
body augmentation. In this work, we analyzed a device for human hand augmentation, focusing
on its mechanical design, rather than on its control and interfacing with the human, that was the
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focus of other works [44]. Human hand augmentation by means of robotic extra fingers represents an
interesting research topic, involving engineering as well as ethical and philosophical challenges.

With respect to other solutions available in the literature [16,17,20], the device that we propose
presents the following features:

• Actuation: while other devices available in the literature have a rigid and fully actuated structures,
in the device presented in this work only one motor is necessary to actuate both the single and
the double finger configurations. This feature limits the weight, complexity of the device, and
improve its wearability and user comfort.

• Modularity: as discussed in Section 2, the structure of the fingers is modular at the phalanx level,
the same modules can be used both for the single and double finger configurations. The device can
be easily adapted to user’s specific needs and features. For instance, a smaller hand would need a
device with smaller dimensions that can be easily obtained realizing fingers with less modules.

• Robustness, safety for the user: in this type of devices the fingers are the elements more sensitive
to unexpected contacts with the environment and shocks. Passive elements present in the
interphalangeal joints of the fingers are realized by TPU, a material that presents high resistance
to impacts and elongation at break. As a result, the fingers are quite robust and can resist to
uncertainties and unpredictable impacts that may occur during activities of daily living (ADL).
At the same time, their compliance limits the risks for the user and for other people.

• Adaptability: the compliant structure provided by deformable elements in interphalangeal joints
and the differential mechanism allow the device to automatically adapt to different objects with
different shapes and dimensions, without the need of specific sensors on the fingers and complex
control strategies.

• Costs: the simple but versatile mechanical structure, the choice of widely diffused and affordable
manufacturing technologies and materials, and the modularity, lead to a cost of the device that is
quite limited.

We believe that the most impactful application of the device presented in this paper is rehabilitation
and assistance of patients with upper limb impairments, for example after a stroke [47]. Stroke is a
brain attack, affecting 17 million people worldwide each year, it is the second most common cause of
death and a leading cause of adult physical disability (http://strokeeurope.eu/). Impairment of the
hand, and in particular of its grasping and dexterous manipulation capabilities is one of the common
deficits after a stroke. Approximately 60% of stroke survivors suffer from some form of sensorimotor
impairment associated with their hand. Rehabilitation processes could take advantage from robotic
devices, that can be used to practice intense movement training at home. Supernumerary fingers enable
patients to execute grasp and release exercises and practice intensively using repetitive movements.

Different configurations for the robotic extra fingers, with one or two fingers, have been realized
following the principles that we summarized in the previous sections and are now available for
testing. Double configurations allow more stable grasps and the possibility of carrying heavier loads.
In addition to rehabilitation purposes, supernumerary robotic fingers can increase patients’ grasping
capabilities, especially in objects manipulation, thereby improving their independence in ADL, and
simultaneously decreasing the need of compensatory unnatural motor strategies for solving everyday
tasks. Supernumerary limbs will provide novel opportunities to recover missing abilities, resulting in
improvements of patients’ quality of life.

The devices were tested with chronic stroke patients through qualitative experiments based on
ADL and preliminary results are widely discussed in [19,45]. The goal of the tests was to evaluate
how quickly and easily the patients could learn to use the device in ADL. Different applications were
considered (e.g., kitchen scenario, consisting in preparing breakfast and lunch, some tools activities,
using the extra finger as an active hook, etc.). The initial tests gave encouraging results; users could
complete the tasks reducing the time and with good success rates.

280



Robotics 2019, 8, 102

6. Conclusions

In this paper, we summarized the work regarding the mechanical design of supernumerary robotic
fingers that can be used for augmenting and compensating the human hand manipulation abilities.
Wearability requirements set constraints on the hardware structure, that needs to be light, robust and
safe. We focused in particular on the analysis of the transmission system that is needed when more than
one finger is employed and all the fingers are actuated with the same motor. We are still optimizing the
design, by further studying the possibility of exploiting additive manufacturing technology to change
the stiffness of the finger’s joints. We are working on integrating the extra fingers with other devices,
as for instance assistive tools for wrist motion and arm support, investigating the possibility of using
our devices in patients affected by other neurological diseases affecting hand grasping.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-6581/8/4/102/s1,
Video S1: Design of multiple wearable extra fingers for human hand augmentation.
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