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clues to design a suitable actuation system for this type of 
robotic device.
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1  Introduction

The expression gait rehabilitation exoskeleton refers to 
an external structural mechanism that interacts in parallel 
with the considered patient, transferring mechanical power 
through joint actuators to actively assist the movement of 
his/her lower limbs during gait training in a treadmill, com-
bined with partial body weight support [1–3]. Such is the 
case of our planned biomechatronic application, related to 
the design of an active ankle–foot orthosis (AAFO). The 
final purpose is to compensate during gait training and 
through an adequate actuation system of the AAFO, the 
dysfunction of such joint caused by the paralysis of the 
ankle plantar-flexor muscle group, which typically exhibits 
patients with incomplete spinal cord injury at lumbosacral 
level (iSCI) [4].

It is well established that in normal gait conditions, this 
muscle group is the main source of active power for for-
ward propulsion of the human body in the sagittal plane [5], 
principally for about 60 % of the gait cycle, where the ankle 
plantar-flexor muscles, controlled through signals from the 
central nervous system, generate the most active contrac-
tion force (around three to four times the body weight) 
so as to ensure forefoot takeoff and propel the lower limb 
from gait stance to swing phase [6]. It is also known that 
to counteract the effects of applied external loads and dis-
turbances throughout gait cycle, the ankle joint varies its 
mechanical stiffness (the inverse of compliance), by means 

Abstract  Traditionally, the pneumatic proportional-pres-
sure valve dynamics has been characterised from its output 
pressure and input reference voltage relationship. How-
ever, in our application about the use of a pneumatic artifi-
cial muscle as actuator of a gait rehabilitation exoskeleton, 
where an adequate valve output pressure control is required 
to simultaneously attain a smooth joint movement and an 
efficient interaction force with the patient, it is also impor-
tant to evaluate the effect on valve output pressure of the 
input airflow rate disturbance caused by downstream load 
variations during this actuator operation. In this paper we 
present a new global linear model for such application, 
considering the concurrent effect on valve output of both 
voltage and airflow rate inputs. From data acquired through 
an experimental setup and for reference inputs in the fre-
quency range of human gait, two transfer functions describ-
ing the relationships between valve output pressure and 
their respective inputs were first obtained. Second, the indi-
vidual models were combined in a global one, according to 
the superposition principle. Third, the resultant model was 
analysed in the time and frequency domains and finally, 
validated (MSE = 0.0499) and discussed, in the search for 
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of a change of both the articular movement and the force 
exerted by the muscles attached to it [7].

Among the different class of joint actuators used in such 
robotic devices to emulate this complex muscle function 
during gait [8–11], the pneumatic artificial muscle (PAM) 
emerges as one of the best due to its mechanical behaviour 
similar to human skeletal muscle [11, 12]. Some of these 
properties are its high power-to-weight ratio that signifi-
cantly reduces power consumption and its variable inherent 
compliance, which allows an optimal adaptation and inter-
action with the human operator [13, 14]. In contrast, due to 
its non-linear dynamics [14–16], it is difficult to accurately 
control the PAM operation so as to achieve simultaneously, 
a smooth joint movement and a precise regulation of the 
force exerted by it as part of an AAFO for gait rehabilita-
tion in iSCI patients.

In this sense, a common practice to regulate the pres-
sure within the PAM is through a pair of high-speed on–off 
valves, commanded by pulsewidth modulation for switch-
ing the valve openings at a maximum operating frequency 
of 350 Hz [17]. Although the pulsewidth modulation setup 
is easy to interface, it has the drawbacks of requiring a con-
troller to commands the valve and producing electromag-
netic noise that affect the functioning of other circuits.

An alternative to solve such drawbacks is using a pro-
portional-pressure regulator valve (PPRV), characterised 
by the fine-grained control of its output port and the less 
noisy operation than a pulsewidth modulation setup [17]. 
In this valve type, the input variable is continuously com-
pared with the output pressure, so that if a system deviation 
occurs, the PPRV tends to adjust its output accordingly. 
Besides, the previous works about industrial applications 
report a 5  Hz bandwidth for this type of pressure valve 
[18], which is within the typical frequency range of human 
gait, both in normal (minimal between 0.25 and 0.4, maxi-
mal 1.5 Hz) [19] and iSCI subjects (0.125–1.25 Hz) [20].

However, prior to define whether a PPRV-PAM system 
within an AAFO satisfies the requirements of our planned 
application, it is central to precisely identify the PPRV 
dynamic performance. The identification of such perfor-
mance implies characterising the valve dynamics both in 
terms of their reference voltage and airflow rate inputs in 
the time and frequency domains. With such purpose, differ-
ent parametric [21] and non-parametric [22] methods have 
been used to develop linear and non-linear dynamic models 
of the pneumatic pressure valves for industrial applications.

As an example, using parametric methods and based on 
the main internal mechatronic devices of a PPRV, a valve 
dynamic global model was formulated [18, 23, 24] and val-
idated in the time and frequency domains [18, 25] by com-
paring the experimental and simulated responses for sev-
eral voltage inputs and set downstream loads. In addition, 
a detailed procedure has been described to attain pneumatic 

servo-valves models from experimental input and output 
data, which provide information about its dynamics with-
out considering its mechatronic design [26–28].

Though these previous research works offer the best 
general approach for modelling any PPRV featuring a 
similar mechatronic design and internal structure, the state 
of the art does not show a PPRV model, whose dynamic 
response has been simultaneously modelled and validated 
in terms of its both referred inputs for a biomechatronic 
application, such as those here proposed. This latter issue is 
considered key when a pressure valve must supply airflow 
to a variable downstream load, which in this case is repre-
sented by the PAM operation [13, 14].

Based on this background, the aim of this comprehensive 
work was to identify, model, and validate the dynamics of the 
commercial PPRV-type Festo® VPPM 6L-L-1-G18-0L10H-
V1 [29] that will be used to control the PAM operation as 
part of an AAFO for gait rehabilitation. To fulfil this aim, 
the following procedure was applied. Section 2 reviews the 
manufacturer’s technical specifications of the analysed valve. 
Section 3 details the experimental setup used to calibrate the 
measurement instruments and identify the PPRV static and 
dynamic behaviours by means of input and output data.

Besides, Sect. 4 describes the methodology used to esti-
mate the valve outlet and inlet airflow rates from the ideal 
gases state and continuity equations. Section  5 presents 
the individual linear models achieved to characterise the 
relationships between the valve output pressure and their 
both reference voltage and airflow rate inputs, and from 
them, the valve global model attained in accord with the 
superposition principle. Section 6 shows the results of the 
models analysis and validations in the time and frequency 
domains. Finally, under the framework of our planned bio-
mechatronic application, Sect. 7 exposes the discussion and 
conclusions of this work, in the search for clues to design 
a suitable actuation scheme based on a PPRV-PAM system 
for this class of robotic device.

2 � Characteristic of the pneumatic pressure valve

A review of functional features specified by the manufac-
turer indicates that the PPRV-type Festo® VPPM 6L-L-1-
G18-0L10H-V1 is a 3/2-way valve, normally closed (pres-
sure regulation range 0.02–10 bars; standard accuracy 2 %; 
pressure maximal hysteresis 50 mbar), which offers infinite 
adjustment of pressure and, thus, of the force or torque, 
enabling the user to pre-set pressures electrically through 
a reference voltage between 0 and 10 Vdc [29]. Reliable 
pressure regulation with multi-sensor control is viable by 
selecting into three operation modes: fast, universal, and 
precise. Figure 1 shows a block diagram of the PPRV struc-
ture, with its closed-loop control (CLC) circuit.
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According to Fig. 1, the reference variable w at the CLC 
circuit initially acts on a comparator along with the feed-
back signal r, resulting from the measurement of controlled 
variable x. Then, the CLC circuit senses the system devia-
tion e and drives the final control element, acting its output 
directly on the controlled system to compensate the dif-
ference between the reference w and the controlled x vari-
ables. This process runs continuously so changes in w are 
always detected.

Though a system deviation will also appear if the ref-
erence variable w is constant, but the controlled variable 
x changes, such as in the case of an airflow rate fluctua-
tion through the valve due to a switching action, a cylinder 
movement or a load variation. Thus, the disturbance vari-
able z (named Qin for our application) will cause a system 
deviation, e.g., through a pressure drop in the air supply. As 
in the previous case, the disturbance variable z will act on 
the controlled variable x, showing the ability of the regu-
lator to readjust the controlled variable x to the reference 
variable w.

Such behaviour is described at the manufacturer’s data-
sheets through the valve output pressure versus airflow 
rate curves with a major or minor slope in the function of 
the accuracy stated. Here, the analysed PPRV, according 
to its datasheets [29], keeps a constant value of its output 

pressure for an airflow rate of up to 100 times its value, a 
matter that will be evaluated in the following sections.

3 � Experimental setup

To identify the dynamics of the evaluated PPRV, several 
experimental tests were achieved. In Fig.  2, a schematic 
view of the employed test bench is shown, including the 
components: valve (A); pressure cells to measure valve 
inlet and outlet pressures (B and C); 0.04  m3 volume 
tank for charge and discharge (D); power supply (E) for 
PPRV reference voltage; pneumatic circuit (F-G-H-I); 
signal conditioning circuit (J); data acquisition board (K); 
and pneumatic artificial muscle along with its measure-
ment elements (L). In addition, 24 Vdc and 12 Vdc from 
fixed power supply were applied to the PPRV and pres-
sure cells, respectively. Such components are described in 
detail below.

–– Proportional Pressure Regulator Valve (A) the univer-
sal mode, commonly used in several applications, was 
selected for its operation [29]. Two types of reference 
signals were supplied to PPRV by a signal genera-
tor (E) so as to map the valve work space: step volt-

Fig. 1   Block diagram of the 
mechatronic structure for the 
analysed PPRV
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ages and 0.4–2 Hz periodic signals, in accord with the 
human gait frequency range [19, 20].

–– Pneumatic circuit a compressor (F) with 30  kg/cm2 
capacity provides compressed air that is stored in a 
reservoir tank (H) to stabilize and supply a constant 
upstream pressure to the valve regulated through a 
pressure filter-regulator unit (G). The supply absolute 
pressure was set at 7 bar, considering the PAM operat-
ing conditions in terms of the required force for our 
application [6, 15]. The air flows through the accu-
mulator tank H and then across a water trap filter (I) 
and the PPRV, which regulates the pressure inside the 
downstream tank (D) based on a reference voltage (E).

–– Valve inlet pressure transducer (B): MBS 1700 Dan-
foss® model measures and verifies whether the PPRV 
inlet pressure corresponds to the gauge pressure value 
supplied by the compressor.

–– Valve outlet pressure transducer (C): AKS 330 Dan-
foss® model measures the gauge pressure supplied by 
the PPRV to the downstream connected tank or PAM.

–– Signal conditioning board (J): to record the pres-
sure signals, the output signal (4–20  mA) from the 
upstream and downstream pressure cells was converted 
in a voltage on a 500 Ω resistor.

–– Data acquisition board (K): The NI USB-6009 
National Instrument® model was used due to its sam-
pling rate, data communication by USB port, and soft-
ware versatility. Signals from pressure cells and PPRV 
reference voltage were acquired through their analogic 
inputs, employing a Labview® Virtual Instrument for 
data capture and storage. The signals from measuring 
instruments were also digitalised and later sent to a PC 
for processing and visualization of results.

Besides, for the probes with the PPRV-PAM system, the 
tank (D) was replaced by the (L) system, composed by a 
PAM and its measuring elements. The PAM model is the 
DMSP-40-400 N-RM-CM Festo®, 400 mm nominal length 
and 40 mm inside diameter, capable of exerting a maximum 
force of 6000 N for a 1–6 bar range of operating pressures, 
and developing a maximal permissible contraction of 25 % 
of its nominal length [30]. As well, the PAM longitudinal 
displacement and the force exerted by it were, respectively, 
measured by a linear encoder and a load cell.

In addition, the referred experimental setup was used for 
static calibration of the measurement instruments and the 
valve. In the first case, it was achieved for a supply abso-
lute pressure of 7 bars and constant values of voltage inputs 
(0–5 Vdc range) applied to the valve. For the PPRV static 
calibration, different voltage values at 1 V steps as refer-
ence signals were applied and the valve output pressure 
in vacuum (without downstream load) was measured by 
a Fluke® Serie 700 P27 pressure module, 0–20 bar range, 

associated with a Fluke® 725 multifunction process calibra-
tor. Figure  3 shows the results of PPRV static calibration 
in terms of outlet relative pressure versus inlet reference 
voltage.

4 � Modelling airflow through the valve

To identify the PPRV performance across the range of air-
flow rates associated with the valve working space in gen-
eral and particularly, with the PAM operation, the valve 
input and output pressures and flow rates were determined 
through several tests carried out from the mentioned exper-
imental setup. In agreement with the standard ISO 6358 
[31], the airflow rate through the type of here analysed 
valve is expressed as:

where qout is the volumetric flow rate (m3/s); pin and pout 
are the valve inlet and outlet pressures (bars), respectively; 
b is the critical pressure ratio; C is the sonic conductance 
(m3/s bar); and Tin and Tout are the inlet and outlet tempera-
tures = 298°K, respectively.

These equations were used to estimate the values of 
C and b, which provide a mapping of the valve work-
ing space. To reduce the complexity of this model, it was 
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assumed that all connecting tubes are very short and there 
are not sharp angle connectors, as this would increase pres-
sure losses. Details of the applied procedure for calculation 
of C and b and its results, both for charge and discharge of 
a 0.04 m3 volume tank connected downstream to the valve, 
are shown in the Appendix of this work.

As regard the calculation of airflow rate through the 
valve for the PPRV-PAM system, although the standard 
ISO 6358 specifies the measurement setup suitable to esti-
mate the dependence of C and b with respect to the valve 
diaphragm aperture degree, this standard model provides a 
poor adjustment for containers of small volumetric capac-
ity, such as in the case of the here considered PAM. Thus, 
a different procedure based on the ideal gases state and the 
continuity equations was utilized for estimating the valve 
inlet and outlet flow rates [17] for such system.

In this downstream load situation assessed at isother-
mal conditions during PAM operation, the airflow rate 
through PPRV depends not only on the pressure variations 
described by the standard ISO 6358 [30], but also on the 
PAM volume change over time. In effect, due to this PAM 
volume variation, the flow rate through the valve, equal to 
the flow rate through PAM (qPAM), is given by:

where ṗout is the valve output pressure derivative (bar/s); 
VPAM is the PAM volume (m3); x is the PAM contraction 
(= actual length-nominal length/nominal length); ẋ is the 
PAM contraction derivative; κ is the conversion factor; 
R is the gas ideal constant =  286,9  J/Kg°K; and T is the 
temperature = 298°K.

In addition, considering the muscle volume dependence 
on its length variation, it can be estimated using geometric 
parameters of the muscle. In this case, the PAM was mod-
elled as a cylinder of variable volume in the function of 
the contraction changes experimented during its operation, 
which can be approximated by a third-order polynomial 
[16], according to:

where a, b, and c are the polynomial coefficients obtained 
from the Curve Fitting Toolbox of Matlab®. Then, combin-
ing (3) and (4), the valve outlet flow rate for the variable 
downstream load due to PAM operation was estimated 
and the contribution that the pressure and volume varia-
tions made on it was evaluated. Regarding to the valve inlet 
flow rate, it was calculated from the corresponding value 
of valve outlet flow rate in agreement with the continuity 
equation [17].

During the experimental tests, the valve supply abso-
lute pressure was set at 7  bar, and two reference voltage 
conditions at a frequency of 1.5 Hz was evaluated: ranges 

(3)qPAM =
VPAM

κRT
ṗout +

1

κRT

dVPAM

dx
ẋpout

(4)VPAM(x) = ax3 + bx2 + cx + d

of 0–3 V and 0–5 V with duty cycle of 50 %. Besides the 
valve inlet and outlet pressures, the PAM longitudinal dis-
placement and the force exerted by PAM were dynamically 
registered through their respective measurement elements. 
In addition, a series of weights in the range of 250–3000 N 
were downstream connected to PAM [15], which exerts 
a pulling force on it. In particular, in this work, a weight 
of 893 N, simulating the body mass of 91.3 kg of an adult 
subject wearing the AAFO was assessed. Finally, a com-
parison between the valve inlet and outlet flow rates for the 
PPRV-PAM system was made to determine if there exists 
significant difference between both airflow rates.

5 � Identification of PPRV global dynamic 
behaviour

The control system theory establishes that a system is lin-
ear whether it fulfils the superposition principle [32]. Spe-
cifically applying this principle to the here analysed PPRV 
(where, from Fig. 1, its inputs are symbolized by the ref-
erence voltage Vref and the airflow rate Qin variables, and 
its output by the valve output pressure, Pout), it states that 
if a system has more than one input variable, the total or 
overall output will be equal to the sum of the partial out-
puts PVref and PQin

, which result from evaluating each input 
separately, while the other entry remains null (Fig.  4), in 
agreement with:

where GVref and GQin
 indicate the transfer functions corre-

sponding to each respective input.
However, strictly speaking, most real physical systems, 

including the pneumatic valves, are in some degree non-
linear, so the concept of linearity of a system is an abstrac-
tion made to reduce the complexity of its dynamics anal-
ysis. In this sense, the feedback control systems are ideal 
models constructed to simplify the analysis and design of 
real physical systems. Thus, to linearize a system, the mag-
nitudes of the signals of such control system are bounded 
to intervals, where the system components exhibit a linear 
behaviour [32].

(5)
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∣
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From this knowledge and to obtain a global model that 
emulates the dynamics of the analysed PPRV in the time 
and frequency domains, a register of input and output data 
was carried out through the described experimental setup. 
In doing so, an offline identification method was applied, 
considering the valve like a black box. Previous to system 
identification, the data were smoothed with a second-order 
low-pass Butherworth filter (fc = 20 Hz) [33] and divided 
into 60 and 40 % so as to attain adequate data percentages 
for identification and validation models.

As a first approach, two transfer functions were achieved 
representing the ratios between: a) the valve output pressure 
and input reference voltage (Pout/Vref) and b) the valve output 
pressure and input airflow rate (Pout/Qin). The first of these 
linear models was obtained for a constant supply absolute 
pressure of 7 bars with the valve output port closed (without 
downstream load, or valve in vacuum) utilizing as reference 
input signal a squared signal 1.5 Hz, 0–3 Vdc range.

In regard to the transfer function structure, it was 
selected from the type of experimental response observed 
and defined by its parameters, iteratively estimated through 
an algorithm based on the Levenberg-Marquard method 
and developed in Matlab® [33]. The best adjustment 
(94.64  %) of the Pout/Vref ratio corresponds to a damped 
second-order linear model without delay, which agrees 
with previous models for industrial applications [18, 23–
25]. Finally, the adopted transfer function was

Besides, the Pout/Qin ratio obtained describes the effect 
on valve output pressure of input flow rate disturbances 
generated by the PAM operation supporting a weight of 
893 N [15]. As supply pressure and input reference voltage, 
constant values of 7  bar absolute pressure and 3 V were, 
respectively, selected. Then, applying a similar procedure 
to the previous one, the transfer function representing the 
Pout/Qin ratio for the PPRV-PAM system was

corresponding to a damped third-order model with real 
zero and poles, which can be simplified to a second-order 
model due to it has a zero and a polo in the same location.

Finally, from the superposition principle [32] and in 
accord with the type of controller within the analysed pneu-
matic valve [29], the PPRV global dynamics is represented 
by its output pressure, generically written as sum of its spe-
cific transfer functions multiplied by the respective inputs:

(6)GVref (s) =
1.01

(1+ 0.041s)(1+ 0.023)
.

(7)GQin
(s) =

−0.922(1+ 0.927s)

(1+ 0.041s)(1+ 0.023s)(1+ 0.927s)

(8)

Pout =
K1 ∗ GVref (s) ∗ GQin

(s)

1+ GVref(s) ∗ GQin
(s)

Vref +
K2 ∗ GQin

(s)

1+ GVref (s) ∗ GQin
(s)

Qin

being the denominator a second-order transfer function 
with real poles at the left-half of the s plane.

6 � Results

6.1 � Airflow through the valve—pneumatic muscle 
actuator system

Figure  5 illustrates the results of the estimated values of 
valve output flow rate for the PPRV-PAM system, with ref-
erence voltages in the range 0–3 V at a frequency of 1.5 Hz. 
In this figure, the upper curve represents the combined 
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contribution that the PAM pressure and volume variations 
(named dPPAM and dVPAM, respectively) made to the flow 
rate through the valve; meanwhile, the middle and lower 
curves show the separate contributions of these variables on 
the valve flow rate.

As can be seen in Fig.  5, the contribution of dVPAM is 
about 10 % of the total output flow rate. Similar calcula-
tions were made for a reference voltage of 5 V. Besides, the 
maximal values of valve input flow rate were 2.79  l/min 
and 4.34  l/min for reference voltage of 3 and 5 V respec-
tively, thus indicating a concomitant raise in airflow rate 
through PPRV with the input reference voltage.

In addition, in Fig.  6, a comparison between the valve 
inlet and outlet airflow rates for the PPRV-PAM system 
is represented for a reference signal of 3 V. It can be seen 
a difference of around 20  % between the valve inlet and 
outlet flow rates due to the airflow rate variation within the 
valve, in agreement with the ideal gases state and the conti-
nuity equations [17].

6.2 � Individual and global valve models

Figure 7 displays the results of the temporal validation of 
the model representing the Pout/Vref ratio, evaluated for 
a squared reference input with peak values of 0–3 V, fre-
quency of 1.5 Hz, and for a condition of valve closed out-
let port (mean square error, MSE = 0.304). Different input 
signal frequencies were applied to this model in the same 
condition, being the MSE between simulated and experi-
mental data equal, respectively, to 0.3183 and 0.2270 for 
frequencies of 1 and 0.7 Hz.

As well, Fig. 8 depicts the results of frequency valida-
tion of the PPRV Pout/Vref ratio model in terms of Bode-dia-
gram, with a 3.12 Hz bandwidth. However, in assessing the 
behaviour of this model with experimental data from the 
PPRV-PAM system, it showed a slower dynamics, there-
fore, justifying the requirement of a more precise model for 
describing the dynamics of this system.

In contrast, Fig. 9 exhibits the step response of the Pout/Qin 
ratio model, characterising the effect on valve output pres-
sure of the input airflow rate disturbance due to downstream 
load variations during PAM operation (MSE = 0.078). The 
static gain value is −0.922; meanwhile, the poles at the left-
half of the s plane (common to both specific transfer func-
tions) show a stable PPRV behaviour.
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In addition, Fig. 10 shows the visualised Bode diagrams 
of the PPRV frequency response in terms of its flow rate 
input, where the estimated bandwidth for the Pout/Qin ratio, 
evaluated with the valve output port connected to the PAM 
supporting a weight of 893 N, is 3.69 Hz.

Finally, Fig.  11 displays the temporal validation of the 
PPRV global model, achieved from the comparison of 
real and simulated data through a block diagram made in 
Matlab–Simulink®.

In Fig.  11, Pref signals a valve reference output pres-
sure of 3 bar; meanwhile, Pexp refers to the measured data 
when the valve outlet port is downstream connected to the 

PAM supporting a weight of 893 N. The temporal response 
analysis of the PPRV global model (Psim2) evaluated in 
this condition shows a better approach (MSE =  0.0499) 
as regard the response of the PPRV model for the Pout/Vref 
ratio (Psim1) evaluated in vacuum (MSE =  0.1663), thus 
demonstrating that the global model provides a better esti-
mation of PPRV dynamics at the variable downstream load 
condition imposed by PAM operation.

7 � Conclusions and discussion

This comprehensive work was oriented to identify, model, 
and validate the dynamics of a PPRV not characterised 
until now, as is the case of the valve-type Festo® VPPM 
6L-L-1-G18-0L10H-V1 [29]. We plan to use such a type of 
pneumatic valve for controlling the PAM operation as part 
of an actuation system within an active ankle–foot ortho-
sis (AAFO) for gait rehabilitation in iSCI patients [1–4]. 
The final aim is to assist the ankle joint during gait training 
with the AAFO, which requires design a suitable actuation 
scheme based on a PPRV-PAM system to simultaneously 
attain a smooth joint movement and an efficient interaction 
force with the patient [5–7].

In such a sense, due to the dynamic effect on the valve 
output pressure (the controlled variable Pout, symbolized in 
Fig. 1) of their both inputs (the reference voltage Vref and 
disturbances Qin caused by PAM operation), the main con-
tributions of this paper are related to: (a) the development 
of a detailed methodology, based on the basic principles of 
pneumatic systems, to estimate the valve outlet and inlet 
airflow rate for the PPRV-PAM system; (b) the attainment 
of a new PPRV global linear model in terms of its both ref-
erence voltage and airflow rate inputs for the variable load 
condition imposed by PAM operation; and (c) the analysis 
and validation of this model in the time domain.

As regard the obtained valve global model, although it 
does not consider the typical non-linearity of pneumatic 
systems, the model validation result (MSE  =  0.0499) 
allows us to say that this model is a good approach to 
describe the analysed PPRV dynamics. Besides, both indi-
vidual linear models (Pout/Vref and Pout/Qin ratios) have a 
similar frequency response, and thus, the 3.69  Hz band-
width of the PPRV global model is within the human gait 
frequency range [19, 20].

On the other hand, to search cues to design a suitable 
actuation scheme based on a PPRV-PAM system within an 
AAFO for gait rehabilitation, we take as a starting point of 
our analysis the variable compliant behaviour shown by 
a pneumatic artificial muscle (PAM). Indeed, it is known 
that all pneumatic actuators show a natural compliance due 
to the air compressibility [17]. In addition, the PAM has 
another source of compliance from it varying effective area, 
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determined by the force dropping in relation to the contrac-
tion [13, 14]. For the type of PAM here analysed [30], such 
compliance C, defined as the inverse of stiffness K (N/m), 
can be calculated from

In this expression, FPAM symbolizes the muscle force, 
while the minus sign of both the right-hand side terms indi-
cates the inverse variation between the muscle force and 
muscle contraction.

An analysis of (9) points out that the first term, char-
acterising the change of pressure with PAM volume, is 
function not only of the air compressibility, but also of the 
airflow from or to this volume. As well, the second term 
of (9) describes the PAM stiffness at isobaric conditions, 
only attributed to its effective area variation. Equation  (9) 
additionally signals that an increase of pressure determines 
a consequent growing stiffness and, thus, a diminishing 
compliance.

Furthermore, the PAM stiffness rate-of-change can be 
obtained from the derivative of (9) as

where a rearrangement of variables was made in the right-
hand side terms.

Finally, comparing (10) with (11):

The equivalence between both expressions becomes 
evident, which is verified from the estimated values of the 
PAM stiffness rate-of-change and the valve input airflow 
rate when the PAM is downstream connected to the valve, 
as shown in Fig. 12.

This enables us to obtain the following relevant conclu-
sion: the airflow rate variation through the valve is linked 
to the PAM stiffness rate-of-change in direct sense and, 
therefore, with the PAM compliance rate-of-change in 
inverse sense. As well, this change is dependent both on 
the pressure and contraction derivatives. The potential-
ity of this correlation could orient us to explore in future 
works, how simultaneously attain a smooth joint movement 
and an efficient interaction force with the patient through 
a PPRV-PAM actuation system within an AAFO for gait 
rehabilitation.

(9)

K = C−1 =
dFPAM

dx
= −

(

dVPAM

dx

)2 dpPAM

dVPAM
−

d2VPAM

dx2
pPAM.

(10)

dK

dt
=

dC−1

dt
= −

(

dVPAM

dx

)2
dx

dt

dpPAM

dVPAM

−
d2VPAM

dx2

dx

dt
pPAM

= −
dVPAM

dx
ṗPAM −

d2VPAM

dx2
ẋpPAM

(11)q =
VPAM

κRT
ṗPAM +

1

κRT

dVPAM

dx
ẋpPAM

Besides, it is desirable that such PPRV-PAM actua-
tion system be able to mimic the dynamic adjustment 
that the ankle joint, controlled by signals from the human 
central nervous system, achieves on its mechanical stiff-
ness through a change of both the articular movement and 
muscle activity level during gait cycle [5–7]. Mostly, this 
matter takes relevance at about 60 % of gait cycle, where 
the ankle plantar-flexor muscles generate the main active 
power of the human neuromuscular system so as to ensure 
forefoot takeoff and propel the lower limb from gait stance 
to swing phase.

From these issues, we can hypothesise that an efficient 
PPRV-PAM actuation system as part of an AAFO for gait 
rehabilitation must be capable to: (a) emulate the dynamic 
regulation exerted by the central nervous system on the plan-
tar-flexor muscle group during normal gait and (b) to simulta-
neously modify the PAM level of force and position with the 
objective of applying an articular power equivalent to those of 
plantar-flexor muscle group throughout the gait cycle.

Such PPRV-PAM system dynamics must be provided by 
the PPRV reference input. From a suitable control scheme 
regulating both the waveform and magnitude of this refer-
ence signal, it is expected that the PPRV matches the acti-
vation dynamics of the central nervous system, whereas 
the PAM imitates the contraction dynamics of the plantar-
flexor muscles during gait cycle [36]. The input voltage 
waveform and intensity would affect too, the valve input 
flow rate waveform and intensity, thus varying the PAM 
stiffness rate-of-change and its inverse, the PAM compli-
ance rate-of-change.
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Note that, meanwhile, a PAM can produce only unidi-
rectional force, moving a joint requires a setup of antago-
nistic muscles. A basic setup includes two PAMs (each one 
operated, e.g., by a PPRV to achieve an agonist/antagonist 
pair of PAMs) and a revolute joint around which the AAFO 
structure generates ankle dorsi-flexion and plantar-flexion 
movements in the sagittal plane [11, 12].

As example, the use of an agonist/antagonist pair of 
PAM’s muscles to attain simultaneous control of posi-
tion and stiffness similar to the human nervous system has 
been proposed [37]. Likewise, an adequate articular power 
through a selective compliance was got, achieving the same 
position of the AAFO ankle joint at different settings of the 
PAM stiffness or its inverse, the PAM compliance. For this 
basic setup, the ankle joint position will depend on the dif-
ference of both valve output pressures, whereas the joint 
stiffness of the sum of these pressures.

Based on this background, our further work is ori-
ented in three steps: (1) to achieve an overall simulation 
model for the PPRV-PAM system to study the dynamic 
performance of the whole pneumatic system, based on 
the previous models about central nervous system activa-
tion dynamics and muscle contraction dynamics that take 
place during normal gait [38, 39]; (2) to design and vali-
date effective control schemes for this simulation model; 
and (3) to implement the best solution of the proposed con-
trol schemes on the AAFO structure for gait rehabilitation 
in iSCI patients, which is the essential goal of the research 
exposed in this comprehensive work.

Finally, as a general conclusion of this work, we can say 
that it constitutes a reference procedure for globally charac-
terising the PPRV dynamic behaviour for a situation, where 
the PAM force and position need to be precisely controlled 
via the valve, as it is the particular case of our intended 
application referred to the AAFO for gait rehabilitation in 
iSCI patients.
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Appendix

In this section, the methodology used for mapping the ana-
lysed PPRV airflow rate working space, in agreement with 
the standard ISO 6358 is detailed [31]. As was previously 
mentioned, the air flow rate through the PPRV is described 
by the sonic conductance C and the critical pressure ratio b, 
related to the expressions (1) and (2).

Although this standard details the measurement setup 
suitable to estimate the dependence of C and b with respect 
to the valve diaphragm aperture degree, the preparation of 
special equipment for holding the diaphragm in a constant 
position for each supply pressure is very expensive and work 
intensive. Thus, due to the C and b values that have not been 
informed by the valve manufacturer, in this work, we con-
sider an alternative procedure for estimating these parame-
ters. Such procedure is based on charging and discharging a 
constant volume tank through the valve evaluated at isother-
mal conditions [34, 35]. In agreement with the state equation 
of ideal gases [17], the pressure variation at the valve down-
stream connected to a pneumatic load can be expressed as

where ṗout is the valve output pressure derivative (bar/s); κ 
is the conversion factor; R is the gas ideal constant = 286,9 
(J/Kg °K); V is the container volume (m3); and V̇ is the con-
tainer volume derivative (m3/s).

When this load represents a constant volume tank, the 
second term of (12) is null. Then, by linking (12) with (1) 
and (2), the derivative of pressure in the downstream tank 
can be attained as

The values of C and b were estimated utilizing these 
expressions based on the valve inlet and outlet absolute 
pressures registered during charging a 0.04 m3 volume tank 
connected downstream to the valve through the experimen-
tal test bench described in detail in Sect. 3. Previous to esti-
mation, an adequate filtering was applied for smoothing the 
measured data [33].

The first parameter was obtained from (13) and the 
second one, as the point where the derivative of the 
valve output pressure signal changes. Of note is that b 
value expresses the divide of the valve downstream and 
upstream absolute pressure for which the flow rate through 
it becomes choked [17, 34, 35]. Besides, the effect of the 
flow-rate disturbance on PPRV outlet absolute pressure was 
modelled according to (1) and (2) and using the C and b 
values previously estimated.

In contrast, for estimating C and b parameters during 
tank discharging through PPRV, a different methodology 
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κRT

V
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was used, based on the fminsearch function for searching 
these parameters through an algorithm in Matlab®. The 
achieved C and b values were then replaced in the standard 
ISO 6358 expressions [31], so as to graphically obtain the 
output flow rate in the function of the tank pressure.

As part of the obtained results, Table 1 displays the val-
ues of C and b corresponding to the charge of a constant 
volume tank, estimated according to the standard ISO 6358 
for different valve upstream absolute pressure values (1–7 
bars).

In addition, Fig.  13 shows the curves of the flow rate 
through the valve in the same tank charging situations. In 
this figure, it can be observed that the flow rate through 
the valve is constant until the ratio of downstream and 
upstream pressures is larger than the critical pressure ratio 
b. In addition, it is shown that the increase of absolute 
supply pressures determines a consequent flow-rate rise. 
Finally, it is appreciated that the curves corresponding to 
the lower supply pressures display a not null flow-rate con-
dition. This behaviour is due to the fact that the data acqui-
sition time was minor than the time for which the valve 
output pressure equals the supply pressure.

Besides, Table  2 and Fig.  14 present, respectively, the 
estimated values of C and b and the flow rate through the 
valve curves during tank discharging, for absolute supply 
pressures among 1.9–6.8 bars.

The shape of these curves agrees with those provide at 
manufacture’s datasheets about the flow rate from the valve 
output port to valve exhaust port [29]. In particular, these 
curves are similar for tank pressures higher than 3 bars. 
Besides, the C and b parameters have the same values for 
the different analysed supply pressures. Thus, due to their 
independence of the valve output pressure, the condition of 
tank discharging through the PPRV is described from a sin-
gle pair of C and b values.

Although for obtaining a more precise model of the flow 
rate through the PPRV, it is still required to determine the C 
and b parameters as a function of valve diaphragm position; 

Table 1   Values of b and C estimated during tank charging through 
PPRV

Upstream  
pressure (bar)

Critical pressure  
ratio b (−)

Sonic conductance 
C [m3/(s*bar)]

1.946 0.6624 1.6668e−04

2.954 0.5972 2.1299e−04

3.964 0.5674 6.4101e−04

4.983 0.5541 7.8871e−04

5.991 0.5308 7.7140e−04

6.943 0.5328 7.0564e−04
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Fig. 13   Modelled PPRV flow-rate curves during charge of a constant 
volume tank

Table 2   Values of b and C estimated from tank discharging through 
PPRV

Max tank pressure 
(bar)

Critical pressure  
ratio b (−)

Sonic conductance 
C [m3/(s*bar)]

1.8964 0.7464 0.0002

2.7350 0.6709 0.0003

3.9706 0.6177 0.0007

4.9714 0.5940 0.0008

5.9744 0.5782 0.0009

6.8439 0.5683 0.0007
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the procedure here considered helps to identify the flow 
rate in the whole range of movement of the diaphragm. 
In future works, we plan to estimate such parameters in a 
function of the valve diaphragm position.
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