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Abstract. The subject of this paper is a novel pneumo-tronic system aimed at
applying impulsive force perturbations to the human body in order to elicit pos-
tural reactions. The development of the prototype is based on the use of a spe-
cifically realized experimental test bench. An analytical model of the whole
system, including its interaction with both the subject's body and with the oper-
ator, is briefly presented. The test bench is used to validate the model and to
perform experimental trials. The results confirm the validity of the model but
call for a more accurate selection of the system components and of the control
logic, in order to achieve the desired performance for such a demanding appli-
cation.

Keywords: Pneumo-tronics, Force impulse control, Posturography, Human
balance.

1 Introduction

The ability to maintain balance is a fundamental skill for human beings, necessary for
the correct execution of basic life activities. The alteration of the human balance con-
trol due to trauma or diseases can be dangerous since it is related to an increased risk
of falls, which can lead to an overall reduction in quality of life. For these reasons, it
may be necessary to assess quantitatively the ability to keep or regain balance when
one is subjected to an external perturbation (e.g. mechanical, visual or vestibular) [1].
This assessment aims at eliciting the so-called postural reactions (PR), a set of coor-
dinated movements of body segments intended to return the body to the pre-
perturbation status. PR can typically be analyzed by considering the excursion of the
Center of Pressure (CoP), the instantaneous mean of the ground reaction force vectors
defined relative to the Base of Support (BoS) [2-4], the activation of specific muscles
devoted to the control of balance (measured by surface electromyography, SEMG) [2,
5], or by the increase in body sway [6, 7]. The multiplicity of stimulations available is
related to the complexity of the human balance control system, which comprises the



visual [8], vestibular [9, 10] and proprioceptive [11] systems. All inputs from these
systems are integrated by the Central Nervous System (CNS) which develops the
required action to maintain balance [12, 13] by coordinating the activity of different
muscle groups according to different motor strategies (ankle, hip, step).

Many systems described in the literature apply perturbation to the human body by
shifting and/or tilting of the BoS [2, 3, 14], which can be accomplished quite accu-
rately by means of linear motors or even more complex solutions such as a Stewart
platform [15]. In other studies, mechanical perturbations were imparted using cables
and pulleys [4, 16, 17] which were used to connect the body to one or multiple sus-
pended weights, or by a pendulum-like structure impacting the subject [18, 19]. The
existing systems often share the same limitations, in terms of scalability and adapta-
bility of the perturbation. The scalability is the possibility to change the magnitude of
the perturbation with respect to the characteristics of a specific individual e.g. his
health condition, anthropometry, age etc. The adaptability is related to the ability of
the system to modify such perturbations according to variable conditions such as dif-
ferent points of application, directions and timing of stimuli.

The objective of our research was to realize a novel automatic device intended for
the application of controllable, scalable and adaptable perturbations to the human
body for the analysis of PR. The device had to be sufficiently robust to compensate
for the uncertainties deriving from the behavior of the operator and the subject under
examination. A first prototype has previously been described in [20], reporting some
preliminary results of experimental trials and highlighting several limitations and
critical aspects of the device. The current work presents an analytical model of the
whole system and an experimental bench that includes the mechanical impedances of
the tester who handles the device and that of the target subject.

2 Materials and methods

Figure 1 shows two possible versions of a perturbation device: a manual (MP) and an
automatic (AP). The MP (Fig. 1 left) is actuated directly by the operator. It is made up
of a handle, grasped by the operator, a soft end pad for interaction with the patient,
and a load cell for evaluating the contact force. With this solution, the perturbation is
fully determined by the action of the operator. The AP (Fig. 1, right) is designed as an
automatic system, able to control in real time the perturbation. In this case, the opera-
tor, who maneuvers the device by means of two handles, is only required to bring the
perturbator proximal to the subject at given position and orientation, and then to acti-
vate it by a trigger; the characteristic of the perturbation is automatically controlled
by the perturbator itself. The device is made up of a double acting pneumatic cylinder,
whose rod ends with a load cell and a soft pad for contacting the patient’s body. The
motion of the piston, as well as the force exerted to the subject, are controlled by reg-
ulating the air flow to the cylinder chambers by means of two electro-pneumatic flow-
proportional valves. In order to optimize the overall dynamics, the valves are located
close to the actuator. All main components are detailed in Table 1. The real time con-
trol of the perturbator is implemented on an acquisition/control system (dSPACE®,



Paderborn, Germany) equipped with an analog/digital board A/D DS2002 for signal
acquisition and a digital/analog board D/A DS2001 for valve regulation. The control
system is programmed in MATLAB® Simulink® (The MathWorks, Inc., Natick, Mas-
sachusetts, USA) using ControlDesk® (dSPACE®, Paderborn, Germany) application.
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Fig. 1. Manual (MP, left) and Automatic (AP, right) Perturbator.

Table 1. Components of the Automatic Perturbator (AP).

Item Details

Double acting cylinder ISO 6432 (Metal Work S.p.A., Concesio, Italy), diameter 25 mm,
stroke 120 mm

1

Flow proportional valves 3AF2 (CKD Corporation, Komaki, Japan), analog input 0-10 V
Uniaxial load cell, UMM, range 50 kgf (DACELL Co., Ltd, Cheongwon-gun, Korea)
End damping pad with a 20mm thick layer of synthetic material (polyethylene)

Handles (aluminum)

A W AW N

Trigger

The AP was intended to automatically control the perturbation imparted to the sub-
ject, according to a predetermined pattern. A preliminary study on healthy subjects
conducted with the MP highlighted an almost linear correlation between the dis-
placement of a subject’s CoP (detected by a force platform) and the impulse of the
perturbation (i.e. the time integral of the contact force), rather than the intensity of the
force itself. Based on this study, we selected, as a significant perturbation, a force
impulse of 50 N amplitude with a duration of 250-500 ms. Therefore, we decided to
realize an experimental bench (Fig. 2) aimed at: (i) verifying the actual behavior of
the AP prototype; (ii) identifying all hardware and software requirements to achieve
the desired performance. Since the AP interacts with two individuals, i.e. the operator
and the tested subject, the experimental bench was conceived with the aim of replicat-
ing these actual operating conditions. The AP was placed on a cart sliding on a low
friction linear guide. Such motion is constrained by a custom visco-elastic damper
representing the interaction between the AP and the operator. On the other side, a
mass placed on a second cart is in turn connected to a visco-elastic damper partially
restraining its motion. This part of the test bench represents the mechanical imped-
ance of the subject’s body. In this way, only the passive response of the subject is
considered whereas the active neuro-muscular response is neglected. To monitor con-



tact force, cart's displacement and actuator stroke, proper sensors have been installed
(Fig. 2).

Fig. 2. The test bench: A: valves; B: cylinder; C: end damping pad; D: stricken body; E: dampers; F:
potentiometers; G: load cell; H: laser distance sensor.

An analytical model comprising all elements of the AP and of the test bench, whose
scheme is demonstrated in Fig. 3, has been developed to study the behavior of the
system. It includes a pneumatic cylinder with mass M controlled by two valves (Va
and Vp). The compliance of the operator is reproduced by a Kelvin-Voigt model with
constants ki e f1; M2 can be considered as the equivalent mass of the subject and his
interaction with the environment is reproduced with a second compliance (k- e £2). A
third compliance in the model is set to deal with the interaction between the AP and
the subject (ks e 33). The continuity equations (1) and (2) describe the evolution of the
pressure in the pneumatic actuator, while equation (3) represents the dynamic equilib-
rium of the piston:
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The subscripts r and f refer respectively to the rear and front chamber of the cylinder,
P is the absolute pressure in each chamber, P; is the absolute initial pressure, p is the
relative pressure in each chamber, G is the air mass flow rate, A is the piston section,
Xo is half stroke of the cylinder, x is the chamber dead band of the cylinder, T; is the
initial chamber temperature, n is the air polytrophic coefficient, R is the air constant
and xs is the relative position of the piston rod (with respect to the cylinder frame). In
Eq. (3), x1 is the displacement of the cylinder frame, hence x; + X3 is equal to the abso-
lute positioning of the piston rod. F. is the external force acting on the piston rod,
given by the contact between the perturbator and the subject, whereas F is the piston
friction force. The dynamic behaviors of the cylinder frame and of the stricken body
are respectively described in Egs. (4) and (5):
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where Ax is the initial distance between the rod and the stricken body, whose dis-
placement is X.. The flow proportional valves are modeled according to the 1SO 6358,
hence they are defined by a sonic conductance C and a critical ratio b. Being Pa and
Pg respectively the upstream and downstream pressures, po the air density at 25° C,
the flow rate G is calculated with the following equations:
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The conductance C is almost proportional to the sectional area. Assuming that the
static variation of the effective sectional area of the valve is linearly correlated to the
voltage command Vy, and given a first order dynamic behavior of the valve (time
constant t), the following simplified relation can be considered in which K, is the
static flow gain of the valve:

C= Kv Vrew Kv = Cmax (7)
1+7s Ve
Va Vb
L 53y >
Y Y J
L M1 k3 M2 k2

Fig. 3. Overall model of the perturbator and of the test bench.

Control logic. The control logic is sequential and has been developed in Stateflow®
toolbox (The MathWorks, Inc., Natick, Massachusetts, USA). Four phases (1 — 4)
have been designed as follows. While an external command triggered by the operator
leads to the approach phase (1), the increase of the contact force measured by the load
cell above a selected threshold generates the strike phase (2). A Proportional-Integral
(PI) controller performing the actual control of the contact force has been implement-
ed through the default blocks in Simulink®. The system allows the user to set custom-
izable profiles, in terms of shape, amplitude and duration. For instance, the impulse
can be set as a constant signal with a predefined level and duration, or as a ramp to
reduce the dynamics of the force error signal. The fall of the reference force below a
second threshold yields the return phase (3), which leads to the next idle state (4) after
a timeout interval of 4 s.



Simulations and experimental trials. The parameters required to run the model have
been obtained from the datasheets of the components selected for the experimental rig
design. The unknown data, as the coefficients C and b of the valves, have been deter-
mined by experimental characterization of the respective components in laboratory. In
order to avoid fast transients in the contact force, the behavior of the system for a
smoother reference force profile with respect to the square wave used in [20] has been
evaluated. The selected waveform (Fig. 4) is given by a sine wave plus a bias, with
selected peak-to-peak amplitude and duration. The system has been tested in the fol-
lowing configurations:

A. carts of cylinder and stricken body fixed on the linear guide;
B. fixed cylinder cart and stricken body free to move;
C. both cylinder and stricken body carts free to move.

A first evaluation concerned the effect of the proportional k, and integral ki gains of
the PI controller on the accuracy of the force tracking. Figure 4 presents the results of
the model for different values of the proportional gain. The reference force profile had
an amplitude of 50 N and lasted 300 ms, with impulse equal to 7,5 N-s. The default
parameters selected for the stricken body mechanical impedance were M, = 10 kg, k>
= 3000 N/m and f>= 1000 N-s/m. A first assessment of k, was performed by iterative
approach (i.e. Ziegler-Nichols), then it was manually tuned in order to get the most
accurate result while avoiding oscillations in the control law.
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Fig. 4. Force tracking in the model for different values of the proportional gain.

The contribution of the integral gain k; was not significant to improve the performance
of the force tracking, therefore it was set to zero for the following simulations. The
same result occurred in the experimental trials. Since there is no steady state for the
controller to track, the force control accuracy during fast transients is likely to be by
far more affected by the proportional gain, which determines the responsivity of the
controller, rather than by the integral gain, which is generally required to avoid
steady-state errors. The accuracy of the theoretical model has been validated by com-
parison with data from experimentation. To correctly match the results and to get a
better approximation of the real system behavior, the proportional gain in the model
had to be set about ten times greater than the one used in the experimentation. In this
way, it was possible to get a better approximation of the real system behavior with the
model. The results of this comparison for configurations A and B are presented in Fig.



5. The system in C configuration behaved similarly to B, therefore it has not been
shown for sake of simplicity. Subsequently several force tracking tests for different
configurations of the test bench have been performed. Results for configurations A

and C are presented in Fig. 6.
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3 Results and discussion

Both simulations and experimental analyses showed that the system has limited accu-
racy and dynamics, and its performance deteriorates when low values of the controller
gains are chosen. The comparison between the results of the model and of the experi-
mentation (Fig. 5) shows good matching only when significantly higher controller
gains are selected (in the model). However, the strong similarities highlighted demon-
strate that the model has a sufficient level of accuracy and might be used to predict
the behavior of the experimental system. The need for a scaling factor on the control-
ler gains may be due to the lack of modelling of some aspects, as the pneumatic re-
sistance related to the pipes or the friction forces acting on the carts of the linear
guides. The most accurate results for force tracking have been collected for the con-
figuration A (Fig. 6, top). For the default value of k, = 1, the impulse value is about
7.3 N-s, close to the set value of 7.5 N-s. The duration of the impulse is about 70 ms
longer than the reference one: the low dynamic performance is probably due to the
limited time response of the valves selected. The relatively low slope of the first part
of the contact force profile also depends on the compliance of the pad between the
end striker of the perturbator and the target. The behavior of the system for k, = 1,5
presents an overshoot of the contact force but allows for shorter lasting perturbations
(about 352 ms). Regarding configurations B and C, the movement of the stricken
body highly affects the accuracy of the force profile, producing a reduction in the
increase of the force measured by the load cell (Fig. 6, bottom). The average duration
is about 310 ms, thus quite close to the desired value. The increase of the controller
gain allows for perturbations with higher peak level and still accurate durations. The
value of the impulse, due to initial reduction of the contact force, is lower than the set
value (about 4.4 N's).

4 Conclusion

The realization of our target, i.e. of an Automatic Perturbator for postural analysis,
requires the solution of several problems related to the mechanical interaction of the
device with human subjects: the operator and the individual under test. In addition,
the specific application poses very demanding performance, in terms of accuracy,
dynamics, and ability to control not only the intensity of the contact force but also its
impulse.

Our work demonstrated that the realization of a dedicated experimental bench, and
its modeling, was a necessary step to achieve the result. The simulations of the system
and the experimentation at the bench allowed for the optimization of the control pa-
rameters and highlighted the limits of the current prototype and the aspects that must
be improved. In particular, the pneumatic actuation, although relatively not expensive
and simple to be implemented, shows some drawbacks related to accuracy and dy-
namics. Improvements can be achieved by selecting more effective components, as
low friction actuators and high-performance valves with reduced response time. The
limited performance may also depend on the control logic, which is based only on the



feedback given by the load cell signal. In the future, a more robust control logic could
be developed which will also incorporate the measurement of the actuator stroke, to
improve the reliability of the system and to directly control the velocity of piston rod
before impact. Concerning the model, it was shown to be able to match the experi-
mental data with good accuracy, but improvements may be achieved by more accurate
identification of some physical parameters like frictions and mechanical impedances.
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