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Abstract: This study describes the activity of developing a force amplifier exoskeleton with one degree
of freedom. The system was developed as a research prototype to conduct control system studies.
The device consists of an arm with a pneumatic cylinder actuator controlled by a pressure regulator.
As for the human–machine interface, the system has a force sensor. The idea is to verify the possibility
of developing a simple system from the sensor system’s point of view and the control system’s
architecture while simultaneously obtaining an effective, economical, and reliable device. The idea
developed in this project is to use the user’s available ability to control movements in unknown
environments. The user constitutes the central part of the entire control system: he defines the
references for the speeds and forces to be applied to the environment and observes the rates of the
controlled robotic system through his own sight and proprioceptive system. On the other hand, the
machine produces and controls the forces applied to the environment by the actuator. In this way, the
device shows an increased admittance. A mathematical system model was created to verify the idea’s
feasibility. Following the results of the simulations, a prototype was built on which experimental
tests were carried out. As stated above, it was possible to obtain the described behavior with the
use of a force sensor, one-axis type, interposed between the machine and the user, to constitute the
human–machine interface; using a pressure regulator, it was possible to avoid the sensors for the
force feedback by the environment. The result is a simple architecture for the sensors and the control
algorithm. Specific test protocols were proposed to test the performance of the human–machine
“system”, and a test bench was developed that allows the tracking of variable signals represented on
a monitor, which the user must follow. The system is intuitive to use, with a rapid learning curve, and
the user can handle high loads according to the different signals to be followed with good precision,
even at high speeds.

Keywords: man-power amplifier; control; pneumatic; exoskeleton; admittance control; cobot

1. Introduction

In many areas of human life, it is required to move loads. In the industrial produc-
tion sector, human strength is often insufficient to move components or assembled items
during the assembly stages. Thinking also about other fields, it is evident that the need
to carry loads is a widespread task: for example, in agricultural or food production, civil
construction or activities in goods’ warehouses, and, additionally, in the biomedical field,
there is the problem of assisting the sick and infirm. Patients need to be placed in a sitting
position on the bed or, for example, in a wheelchair. The task of moving loads is often
complicated by the need to carry out the movement with precision. When it is not required
to follow a precise trajectory in space, it may be necessary to position the object on a specific
point and with a given orientation. This task is particularly difficult for humans, who
can only be accurate with small loads while the accuracy is reduced under stress. On the
scientific research front, robotic devices capable of amplifying human strength have been
studied for several years and have been proposed either as rehabilitation systems [1–6],
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or as aids [7–12], or precisely as the amplifiers of non-disabled people’s strength [13–15].
Amplifying human force means the machine can permit the person to always feel the same
(however variable) fraction of the external load. From the architectural point of view, these
systems can be of various types when contemplating the anthropomorphic arm structure
but can experience considerable evolutions up to the possibility of being worn by the
operator to constitute real-force-amplifier exoskeletons, soft suite machines, or exoskeleton
machines with rigid segments or with elastic elements. The type of actuator can also
be a distinctive element: devices with electric [16–22], hydraulic [23–26], or pneumatic
actuators [27–34] have been proposed. An essential part of the research was also recently
dedicated to passive systems [35–38] that are intrinsically safer, from the point of view of
possible malfunctions, but which do not perform as well as the active ones. Interacting with
the external environment is an essential aspect of controlling these devices [39–43]. In move-
ments interacting with the environment, the interaction forces must be supported rather
than opposed. Lately, the study of human–machine interaction within the Industry 4.0
ecosystem with collaborative robots has received much attention in research. Historically,
regarding the human–machine interface, two approaches have been proposed to solve this
problem. The first approach controls strength and position without conflict [44,45]. With
this approach, the forces are held in contrast to the environmental constraints, while the
movements are implemented along the directions in which the manipulator is free to move.
The second approach aims to define links between interaction forces and movement [46–49].
The first approach can be seen as a particular case of the second, which is more efficient
than the first and allows manipulations in unknown environments while keeping the forces
of interaction with the environment under control. A typical control case operating with
this approach is that of impedance control. With this approach, monitoring the interaction
force and movement trend is necessary. Therefore, the device is rather complex from the
point of view of the control system. This study aims to develop a simple handling system
from the point of view of the hardware and control software, exploiting the user’s available
skills in manipulating loads that interact with the external environment. A prototype was
created to verify the design choices; therefore, the device has kinematics limited to a single
motorized degree of freedom. The device looks like an anthropomorphic arm suspended
from a frame resting on a base on the ground. With reference to Figure 1, the device has an
arm hinged to the shoulder, and a pneumatic cylinder with a 50 mm bore was chosen to
carry out the movement.
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Figure 1. The device developed has an anthropomorphic structure (black) suspended from a frame
(brown) on a ground base (red). The human exchanges with the machine an interaction force FO.

For the realization of the force amplification function, it is necessary that the device can
detect the operator’s intention and satisfy his will by providing strength in the movements.
Usually, thinking in terms of robotic technology involves equipping the system with some
sensor to detect the user’s intention and, during operation, using the signal provided by the
sensor to establish, according to a specific algorithm, the level of force the machine must
exercise on the outside instant by instant. It is also necessary to equip the system with other
force sensors to detect the force applied to the environment to control any feedback actions
to ensure the desired operation. This type of architecture is rather complex, especially
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concerning the control of the force applied by the device. For the device developed and
presented in this paper, the problem was solved thanks to a proportional pressure valve.
This valve, being equipped internally with a feedback system, can receive a signal and
ensure the pressure inside the actuator and, therefore, a force on the machine that is
proportional to the input signal; this way, there is no need for additional sensors and
control software to verify the application of the correct force value moment by moment.
In this way, the device is elementary regarding hardware and software. In addition to the
use of the valve, it needs only a force sensor for detecting the user’s intention and a small
microcontroller that implements the algorithm software, which is very simple: it calculates
the signal value to be sent to the proportional regulator which depends on the parameters
of the physical system (masses and kinematics, actuator), on the parameters of the force
sensor, and, finally, on the level of amplification of the force to be obtained.

During operation, the user must guide the load in the desired direction. The machine
senses the operator’s intention and provides a force in the right direction so that the
operator always feels the same fraction of the load. That is, if the amplification level is
adjusted to have a factor of 10, if a load of 500 N has to be moved, the operator feels a load
of 50 N while, for example, if the load to be handled is 300 N, the operator senses a load
of 30 N.

2. Materials and Methods
2.1. Modeling

Before proceeding with the construction of the prototype in question, the system was
modeled to verify the validity of the design choices, especially regarding the architecture
of the control system based on the proportional valve. To this end, modeling of the
entire system was carried out. In particular, a fluid dynamic model of the airflow inside
the pneumatic cylinder, a model of the proportional valve [50–52], and a model of the
mechanical system structure were considered. The equations of the three models considered
referring to the schemes shown in Figure 2 are shown below with symbols.
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Figure 2. Diagram of the cylinder, proportional valve, and arm.

As for the actuator, it is a FESTO DCN-50-625-P pneumatic cylinder. The proportional
valve is the SMC-VY1200, with the following features: Pressure range 0.005–0.88 MPa,
supply voltage 24 V, input signal 0–5 V.

The three models were considered together to form a single model in the Simulink
environment to proceed with the project’s feasibility checks. Considering the symbols
in Figure 2, the pressure value in the posterior chamber is obtained by integrating the
following expression:(

•
mp −

Pp Ap(hsinϑ + bcosϑ)

kRTs

•
ϑ

)
kRTs

Vdp + (h(1 − cosϑ) + bsinϑ + x0)Ap
=

•
Pp (1)

where
.

mp is the volume flow, k is the ratio of specific heat equal to 1.4, R is the gas constant
for air equal to 287 J kg−1 K−1, and Ts is the reference temperature equal to 300 K.
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The volume flow that the pressure proportional valve supplies to the cylinder takes
the following expression:

•
mp =

cqks√
Ts

(cmp1Psxp1 − cmp2Ppxp2) (2)

with cq valve discharge coefficient equal to 0.9, ks obturator circumference equal to 3 × 10−2 m,
cmp1 and cmp2 inlet and outlet flow coefficients, Ps supply pressure and with:

xp1 =
Fp1

km + cs
if (Pd − Pp) > 0, xp2 =

Fp2

km + cs
if (Pd − Pp) < 0 (3)

The xp1 and xp2 are mutually exclusive, i.e., if one is different from zero, the other is
equal to zero. This is because the spool is in contact with only one shutter at a time. This
means the actuator, at a given time, is connected with the supply or the exhaust except
when both shutters are closed. The same is true for the forces acting on the shutters, Fp1
and Fp2; they have the expression:

Fp =
(

Pd − Pp
)
E. (4)

Furthermore:

Pd = (Vi − 1) kv + Pr (pilot pressure with Pr reference pressure equal to 100,000 Pa).

The rotation balance for the arm is as follows:(m
3
+ M

)
l2
••
ϑ + C(hsinϑ + bcosϑ)2

•
ϑ = Fol + Pp Ap(hsinϑ + bcosϑ)− (

m
2
+ M)glsinϑ (5)

As for the control algorithm, as previously introduced, this is very simple, and, consid-
ering the controller as a black box, the transfer function is to generate, for the control valve,
a signal proportional to the input signal generated by the human–machine interface force
sensor. The relationship implemented in the computer that links the voltage generated by
the load cell to the voltage Vi is the following:

Vi = 1 +

(
Kg − 1

)
· Vc

kc · kv · Ap
(6)

with gain constant Kg, load cell output voltage Vc, load cell calibration constant kc equal to
0.01 V/N, valve constant kv equal to 2.3 × 105 Pa/V; while the signal provided by the load
cell that measures the force exerted by the operator can be written as follows:

Vi = kcFo = kckdl
(

ϑri f − ϑ
)

(7)

where ϑri f is the reference rotation desired by the operator, ϑ is the rotation achieved by
the system, Fo is the force applied by the user, kd is the elastic constant of the upper limb
estimated at 5000 N/m.

All the above relationships were implemented together in a numerical model inside
MATLAB/Simulink, the general scheme of which is presented in Figure 3.

Once the modeling phase was completed, it was possible to carry out various sim-
ulations. This phase aimed to verify whether the idea behind the device, the operation
as a force amplifier, could work and if the goal was achievable through a proportional
pressure regulator. It was, therefore, a question of verifying, once a time-varying movement
had been imposed on the model, first of all, whether the device faithfully followed the
desired action without incurring instability phenomena; second, that the system provided
the correct level of movement assistance force. The verification was largely positive on all
types of imposed movements.
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For example, Figure 4a shows the result of a simulation in which a sinusoidal move-
ment was used as input to the device compared to the movement performed by the device.
As can be seen, the tracking ability is remarkable. The pressure value inside the pneumatic
cylinder for the same test is on the right.
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2.2. Device Design and Realization

After the positive checks on the numerical model, the executive design of the device
and its construction proceeded. Figure 5, on the left, shows a 3D CAD drawing of the
developed device. The force sensor is placed near the end effector, where it is natural for
the operator to put his hand. This AEP transducer load cell has a full scale of 1000 N and
a 2 mV/V bridge sensitivity. Support for weights was provided as the end-effector of the
machine to carry out experimental tests with different masses to be handled. Subsequently,
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the force amplifier device was made. Figure 5 shows a CAD model of the device, a picture
of the realized prototype, and a control system scheme. Figure 6a shows a view of the
device during operation with an operator. An experimental characterization campaign of
the device was carried out to verify its proper functioning.
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Figure 6. The device during operation (a); comparison between the reference signal (in red) and the
trajectory signal carried out by the human–machine system (in blue) relating to a test carried out (b).

In this case, despite involving a robotic device, the standard characterization tests,
such as the step and the ramp responses, cannot highlight all the aspects of interest; the
device works in close relationships with humans.

Some performance parameters to be observed have been identified to characterize the
human–machine system. A device of this type performs better the more it is able (1) to
allow the handling of high loads, (2) to carry out agile movements, i.e., in which sudden
changes in direction of movement or accelerations are required, (3) to perform the task with
precision, that is, following a given trajectory in space. To observe these three performance
indices, experimental tests were designed in which the operator moved loads having in
front of him a monitor in which the actual position of the device was represented on a graph,
in real time, together with a position reference to be chased that was dynamically shown
over time. The references were sinusoidal signals of a given amplitude and frequency
and a discontinuous random signal as a series of steps in both directions and of variable
amplitudes. An experimental setup was set up by which, with various tests varying the
load to be handled and, independently, the characteristics of the signal to be tracked, it was
possible to verify the precision with which different operators carried out the handling.
Figure 6b shows, for an example test, the comparison between the reference signal to be
followed and the trajectory made. The ability to follow the given trajectory is evident.
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Experimental tests were conducted with six different individuals, three male and three
female, to better evaluate the ability of each to interact with the device, varying the mass
of the payload, the gain constant (which binds the load supported by the machine to that
supported by the operator), and the reference trends to be followed.

The following conditions were analyzed:

• a mass M relating to the payload with values equal to 0–10 kg;
• a gain constant Kg that adjusts the control algorithm with values equal to 30–45;
• reference signals of the type:

# sinusoidal, considering:

■ an amplitude of oscillation A with values equal to 15–30 degrees;
■ an average value of the Vm oscillation with values equal to 40 degrees;
■ an oscillation frequency f with values equal to 0.1–0.2 Hz;

# random variable (slow): the desired position is updated every 4 s.

As for the random signal, a signal was used that assumes predefined values relating
to the rotation range of the arm (about 90◦) and remains constant for 4 s. To compare the
results obtained, the random signal was the same for all individuals.

3. Results

During the tests, the following were acquired: (1) the trends of the reference and the
actual one of the rotation of the arm to calculate the error; (2) the voltage signals relating
to the load cell, which measures the force by the operator, and to the pressure transducer,
which measures the pressure in the cylinder related to the force exerted by the machine.

During the postprocessing of the data, the following were determined: (1) the nor-
malized average operator torque Ru, calculated as the average of the ratios between the
torque exerted by the operator and the sum of the operator torque and machine torque, the
normalized average machine torque Rm, calculated as the average of the ratios between
the torque exerted by the machine and the sum of the operator and machine torque; (2) as
for the sinusoidal signal, the average error emid, calculated as the average of the absolute
values relating to the difference between the sinusoidal trend to be followed and the actual
rotation of the prototype arm, the maximum error emax, as a maximum of such absolute
values; (3) as for the random signal, the normalized error Ierr, calculated as the sum of the
absolute values relating to the difference between the signal to be followed and the actual
signal of the arm divided by the sum of the absolute values of the signal to be followed,
the average positioning time tmidp, calculated as the average of the times necessary for the
operator to cope with the variations in the signal between one constant value and the next,
the average positioning error emidp, calculated as the average of the absolute values relating
to the difference between the random trend to be followed and the actual one of the arm
after positioning.

As for the sinusoidal signal, considering for each test and each individual an acqui-
sition time of 40 s, the values of emid, emax, Ru, and Rm were calculated over a time of 30 s,
between 10 and 40 s, omitting the first 10 s necessary for the operator to adapt to the
monitored signal, the presence or absence of the load to be lifted, and the variation of the
constant Kg.

As for the random signal, the values of Ierr, tmidp, emidp, Ru, and Rm were calculated
over an acquisition time of 60 s.

In Tables 1–4, the results of the experimental plan presented above are shown.
From the analysis of the results, increasing the gain constant Kg from 30 to 45,

i.e., increasing it by 15 units, it is observed that:

• Ru decreases by 30.8%, while Rm increases by 4.6%, for tests with sinusoidal reference
signal amplitude of 30◦;

• Ru decreases by 28.6%, while Rm increases by 4.65% for the tests with a reference
sinusoidal signal amplitude of 60◦ and the random tests.
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Table 1. Results of the tests with a load of M = 10 kg, gain Kg = 30.

Sinusoidal Subjects Performing the Tests

Test Index 1 2 3 4 5 6

A = 15◦

f = 0.1 Hz

emid (◦) 2.254 1.803 1.487 2.105 1.296 2.008
emax (◦) 8.017 5.106 5.854 4.920 4.411 8.738
Ru (%) 13 13 13 13 13 13
Rm (%) 87 87 87 87 87 87

A = 15◦

f = 0.2 Hz

emid (◦) 2.439 2.679 2.150 2.557 1.841 2.242
emax (◦) 9.719 7.577 10.066 8.437 5.356 7.204
Ru (%) 13 13 13 13 13 13
Rm (%) 87 87 87 87 87 87

A = 30◦

f = 0.1 Hz

emid (◦) 4.490 2.117 2.827 3.261 2.135 3.499
emax (◦) 10.899 6.213 7.771 9.297 8.687 11.899
Ru (%) 14 14 14 14 14 14
Rm (%) 86 86 86 86 86 86

A = 30◦

f = 0.2 Hz

emid (◦) 4.802 3.238 3.886 4.968 3.195 4.098
emax (◦) 15.858 15.038 13.039 15.970 14.192 13.868
Ru (%) 14 14 14 14 14 14
Rm (%) 86 86 86 86 86 86

Random

Ierr (◦) 4173.9 4125.1 3904.3 5271.8 4540.9 4626.0
tmidp (s) 2.811 2.998 2.699 3.077 3.292 3.113
emidp (◦) 0.280 0.278 0.688 1.119 0.710 0.939
Ru (%) 14 14 14 14 14 14
Rm (%) 86 86 86 86 86 86

Table 2. Results of the tests with a load of M = 10 kg, gain Kg = 45.

Sinusoidal Subjects Performing the Tests

Test Index 1 2 3 4 5 6

A = 15◦

f = 0.1 Hz

emid (◦) 2.328 1.528 1.337 1.222 1.616 1.543
emax (◦) 6.969 5.138 5.520 4.511 6.139 3.892
Ru (%) 9 9 9 9 9 9
Rm (%) 91 91 91 91 91 91

A = 15◦

f = 0.2 Hz

emid (◦) 2.521 2.441 2.302 2.636 1.920 2.145
emax (◦) 8.702 6.306 5.787 6.773 5.955 6.460
Ru (%) 9 9 9 9 9 9
Rm (%) 91 91 91 91 91 91

A = 30◦

f = 0.1 Hz

emid (◦) 3.519 2.720 2.198 2.868 2.798 4.145
emax (◦) 8.006 6.290 6.048 7.385 8.631 12.979
Ru (%) 10 10 10 10 10 10
Rm (%) 90 90 90 90 90 90

A = 30◦

f = 0.2 Hz

emid (◦) 4.533 3.992 3.662 5.727 2.418 3.870
emax (◦) 15.044 22.848 11.847 18.020 7.498 11.830
Ru (%) 10 10 10 10 10 10
Rm (%) 90 90 90 90 90 90

Random

Ierr (◦) 3973.5 4247.1 3834.1 4881.7 4364.8 5201.0
tmidp (s) 2.832 3.005 2.613 2.970 3.026 2.808
emidp (◦) 0.314 0.421 0.536 1.245 0.330 0.822
Ru (%) 10 10 10 10 10 10
Rm (%) 90 90 90 90 90 90
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Table 3. Results of the tests with a load of M = 0 kg, gain Kg = 30.

Sinusoidal Subjects Performing the Tests

Test Index 1 2 3 4 5 6

A = 15◦

f = 0.1 Hz

emid (◦) 1.610 1.082 1.400 1.309 0.997 1.387
emax (◦) 5.034 3.547 5.126 3.841 3.049 5.051
Ru (%) 15 15 15 15 15 15
Rm (%) 85 85 85 85 85 85

A = 15◦

f = 0.2 Hz

emid (◦) 1.606 1.592 1.539 2.631 1.524 1.983
emax (◦) 5.041 5.454 8.642 7.998 3.868 6.594
Ru (%) 15 15 15 14 15 15
Rm (%) 85 85 85 86 85 85

A = 30◦

f = 0.1 Hz

emid (◦) 2.041 1.672 3.568 2.498 1.212 3.386
emax (◦) 7.515 5.853 14.743 6.621 3.294 14.725
Ru (%) 16 17 16 16 16 17
Rm (%) 84 83 84 84 84 83

A = 30◦

f = 0.2 Hz

emid (◦) 3.429 3.423 4.610 3.298 2.498 3.103
emax (◦) 10.377 8.518 17.454 9.011 6.567 10.934
Ru (%) 16 17 16 16 16 16
Rm (%) 84 83 84 84 84 84

Random

Ierr (◦) 4030.1 4944.4 3830.9 4091.3 4144.6 4428.3
tmidp (s) 2.329 2.656 2.406 2.218 2.363 2.264
emidp (◦) 0.373 0.443 0.579 0.569 0.459 0.635
Ru (%) 16 17 16 16 16 17
Rm (%) 84 83 84 84 84 83

Table 4. Results of the tests with a load of M = 0 kg, gain Kg = 45.

Sinusoidal Subjects Performing the Tests

Test Index 1 2 3 4 5 6

A = 15◦

f = 0.1 Hz

emid (◦) 1.229 1.037 1.657 1.183 1.343 1.316
emax (◦) 4.021 2.788 4.954 3.844 4.966 5.282
Ru (%) 11 11 11 11 11 11
Rm (%) 89 89 89 89 89 89

A = 15◦

f = 0.2 Hz

emid (◦) 1.588 1.546 2.460 2.738 1.417 2.389
emax (◦) 4.850 4.321 7.887 11.713 4.484 5.864
Ru (%) 11 11 11 11 11 11
Rm (%) 89 89 89 89 89 89

A = 30◦

f = 0.1 Hz

emid (◦) 1.609 1.547 2.225 1.978 1.715 3.753
emax (◦) 7.432 5.611 7.990 7.622 4.578 12.972
Ru (%) 13 13 12 12 13 13
Rm (%) 87 87 88 88 87 87

A = 30◦

f = 0.2 Hz

emid (◦) 3.102 2.216 3.594 3.346 2.656 4.749
emax (◦) 10.406 7.553 8.880 13.793 8.436 12.632
Ru (%) 12 13 12 13 12 13
Rm (%) 88 87 88 87 88 87

Random

Ierr (◦) 3992.5 4700.1 3575.7 4179.8 4039.3 4489.0
tmidp (s) 2.475 2.653 2.506 2.444 2.606 2.837
emidp (◦) 0.276 0.345 0.523 0.472 0.379 0.558
Ru (%) 12 13 13 13 13 13
Rm (%) 88 87 87 87 87 87
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Moving on from the tests without applied load to those with load M = 10 kg, it is
noted that:

• Ru decreases by 13.3%, while Rm increases by 2.35%, for tests with sinusoidal reference
signal amplitude of 30◦ and gain constant of 30;

• Ru decreases by 18.2%, while Rm increases by 2.5%, for tests with sinusoidal reference
signal amplitude of 30◦ and gain constant 45;

• Ru decreases by 12.5%, while Rm increases by 2.4%, for tests with gain constant
30 relating to the sinusoidal reference of 60◦ amplitude and the random signal;

• Ru decreases by 16.7%, while Rm increases by 2.3%, for the tests with gain constant
45 relative to the sinusoidal reference of 60◦ amplitude and to the random signal.

By decreasing the amplitude of oscillation of the sinusoidal signal from 30◦ to 15◦, it is
noted that:

• Ru decreases by 7.1%, while Rm increases by 1.2% for tests with a load of 30 kg and
a gain constant of 30;

• Ru decreases by 10%, while Rm increases by 1.1% for tests with a load of 30 kg and
a gain constant of 45;

• Ru decreases by 6.25%, while Rm increases by 2.4%, for the tests without applied load
and gain constant 30;

• Ru decreases by 15.4%, while Rm increases by 2.3%, for the tests without applied load
and gain constant 45.

Ru and Rm have no variations as the oscillation frequency f varies for tests with
sinusoidal signals.

As for the analysis of the average emid error relative to the sinusoidal reference, on
average, as the parameters considered and based on the different subjects vary, there are
an emid error of about 1.8◦ relative to movements with an amplitude equal to 30◦ and
an emid error of approximately 3.2◦ relative to movements of 60◦ amplitude.

As for the analysis of the maximum error emax relative to the sinusoidal reference, on
average, as the parameters considered and based on the different subjects vary, there are
an emax error of about 5.9◦ relative to movements with an amplitude equal to 30◦ and
an emax error of approximately 10.5◦ relative to movements with an amplitude equal to 60◦.

On average, it is found that there are:

• an increase in emax of about 24% by increasing the applied load M from 0 kg to 10 kg;
• a reduction in emax of about 6.3% by increasing the gain constant from 30 to 45;
• an increase in emax of about 76% by increasing the amplitude A from 15◦ to 30◦;
• an increase in emax of about 43.5% by increasing the frequency f from 0.1 Hz to 0.2 Hz.

As for the analysis of the tests with a random reference signal, on average, as the
parameters considered vary and based on the different subjects, there are a normalized
error Ierr of about 0.21 from 0.175 ÷ 0.259, a positioning time tmidp of approximately 2.7 s
from 2.2 s ÷ 3.3 s, and an error after positioning and emidp of about 0.6◦ from 0.3◦ ÷ 1.2◦

relative to a signal consisting of a sequence of steps of variable amplitude between 10◦ and
70◦ with an average value of about 31◦.

4. Discussion

Below are some graphs relating to a test in which the following parameters were
considered:

• mass relative to the payload M = 0 kg;
• gain constant Kg = 30;
• individual 5;
• amplitude of sinusoidal signal oscillation A = 30◦ (average value of 40◦);
• sinusoidal signal oscillation frequency f = 0.1 Hz.

In Figure 7a, it can be seen how the individual follows the imposed reference very
well: the rotation error between the reference and the configuration reached is shown
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with an average value emid equal to 1.212◦ and a maximum value emax equal to 3.294◦ on
an amplitude of movement of 60◦, having considered the data relating to the interval of
10 ÷ 40 s.
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Figure 7b shows the trends relating to the torque exerted by the machine, the torque
exerted by the human, the torque relating to the payload, and the resulting torque between
the machine torque and the operator torque, having considered the data relating to the
interval of 10 ÷ 40 s.

Furthermore, Ru, i.e., the action exerted by the operator compared to the resulting
human–machine, is equal on average to 16%, while Rm, i.e., the action exerted by the
machine with respect to the resultant human–machine, is equal on average to 84%.

Below are some graphs relating to the “3-10-sr-45” test, in which the following param-
eters were considered:

• mass relative to the payload M = 10 kg;
• gain constant Kg = 45;
• individuals 3;
• random signal.

In Figure 8a, it can be seen how the user follows the imposed reference quite well;
there is an average rotation error emidp after positioning equal to 0.536◦, relating to a signal
consisting of a sequence of steps of variable amplitude between 10◦ and 70◦ with an average
value of approximately 31◦, and an average positioning time tmidp, relating to the transient
necessary for the operator to cope with the variation between one constant value and the
next, equal to 2.613 s.
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Figure 8b shows the trends relating to the torque exerted by the machine, the torque
exerted by the human, the torque relating to the payload, and the resulting torque between
the machine torque and the operator torque. Furthermore, Ru, i.e., the action exerted by the
user with respect to the resultant human–machine, is equal on average to 10%, while Rm,
i.e., the action exerted by the device with respect to the resulting human–machine, is equal
on average to 90%.

The results conclude that it is possible to realize a force amplifier system with simple
hardware architecture and that it can be very efficient since the possibility of handling
large loads in an agile and precise way has been demonstrated. The results encourage the
investigation of a kinematically more complex system to support movements with more
degrees of freedom.

5. Conclusions

The experimental results highlight that the human–machine system handles high
loads with acceptable precision and agility. The load, worth 10 kg, was moved according
to sinusoidal signals, completing complete cycles in 5 s and 10 s, with amplitudes of the
order of magnitude of 60◦ with errors of 6%. The tests with random signals also provided
satisfactory results, with positioning times in the range of 3 s and positioning errors of the
order of 2% on signal variations of about 30◦.

The first impression when working with the device is that it is immediately usable
without training. The operator has to act intuitively and can move the load naturally,
having total control over it. Furthermore, during movement, the operator can maintain
sensitivity to the environment, which helps improve the accuracy of the action.

There is no risk of encountering and damaging an obstacle, as possible with a de-
vice without force feedback from the environment. For example, an operator is able, in
a confrontation of strength with three to four people at the same time, to easily prevail over
them without ever causing any danger, given the great sensitivity to the environment that
the system guarantees to the operator. This suggests the possibility of quickly handling
high and fragile loads.
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