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Abstract. The object of this work is the control of a reclining chair with active 

cushions used to optimize the interaction of the human with the chair and to avoid 

the formation of sores on the skin. The cushion system, already presented in other 

works, consists of air-cell actuators distributed according to the risk that pressure 

ulcers on the skin can be generated in certain areas. In this work, four cushions 

are designed and controlled for four parts of the human body: 1) head; 2) back; 

3) buttocks; 4) heels. Cushions are used to design a reclining chair that can be 

moved between two configuration limits: a) chair; b) bed. The four cushions can 

provide real-time pressure mapping with closed-loop control, which allows to 

identify critical points on the body surface where pressure ulcers could form. The 

control systems for the single air-cell and for all cushions are designed and sim-

ulated using the software MATLAB/Simulink, presenting very interesting re-

sults. 

Keywords: Pressure Injury, Automated Seat Cushion, Reclining Chair, Bubble 

Actuators, Soft Actuators, Pneumatic Actuators, Pressure Ulcers. 

1 Introduction 

Once called bedsores, Pressure Injuries (PIs) are localized damage to the skin and the 

underlying soft tissue. They are usually localized under bony prominences (like the 

tailbone and heels) [1]. The formation of PIs depends both on direct and indirect factors 

[2]. The most important cause of ulceration is a prolonged pressure between the bony 

prominence and the external surface that occluding the capillaries [3]. The formation 

of a PI is directly proportional to the pressure applied and the period for which it is 

applied: even a low pressure can generate a PI if applied for a long period [4]. Concom-

itant with pressure, shear is always present. Blood vessels are stretched and torn by this 

shearing, favoring the formation of PIs. Some other causes of PIs that must be consid-

ered are moisture, friction, the position of the patient, immobility, aging, diabetes, and 

neurological factors [3]. Pressure ulcers have been increasing in the last years due to an 

incremented average age of the population and this means that also the costs related to 

this problem are growing [5]. The National Pressure Injury Advisory Panel (NPIAP) 

classified the PIs in four major stages [1]. In particular, the average hospital treatment 

cost of stage 4 pressure ulcers is very high, around $129,124 for PIs acquired during 
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one admission at the hospital [6]. Different studies have shown how adopting a preven-

tion protocol in long-term care is cost reducing with respect to treating PIs once they 

have developed [7, 8]. Different treatments for PIs are available in the literature. The 

first simple strategy is repositioning. Doctors suggest repositioning the patient every 2 

hours but there are no robust evidence on the best repositioning frequency and position 

[9]. Specific support surfaces like mattresses, beds, cushions, and overlays have been 

designed in order to reduce pressure magnitude and minimize shear. They can be clas-

sified as constant low-pressure (CLP) devices, which conform to body shape, or alter-

nating pressure (AP) devices, where the pressure is mechanically varied [10]. CLP sup-

ports have been proven to be preferable with respect to standard foam hospital mat-

tresses. Several alternatives have been studied like high-specification foam, bead-filled 

and water filled. However, no significant difference has been noticed between the dif-

ferent possible materials for a CLP support [10]. Using AP mattresses can delay 11 

days the formation of a PI and have an 80% probability of being cost saving [11]. How-

ever, the AP algorithms consider only the body weight, neglecting other important pa-

rameters like body prominences, asymmetry, and bad posture [12]. Another drawback 

is the bottom out problem: the original shape and property of the air-filled compart-

ments can be altered due to an excessive load or other external disturbances (aging, 

wear, weak maintenance) [13]. AP devices have a passive control mechanism where 

air-cells are repeatedly inflated or deflated regardless of the pressed regions and pres-

sure level. To solve this problem, active support surfaces were introduced. These dy-

namic solutions are still characterized by air-filled compartments, but the air-cells are 

inflated and deflated based on the measured pressure above them [14, 15]. The refer-

ence pressure is compared with the measured one and the result is used to proportionally 

deflate or inflate the air-cells. It has been proven that this approach not only involves a 

redistribution of body weight but also better reperfusion and good comfort [16]. In [17], 

a first design of the air-cell actuators of one seat cushion has been presented and con-

trolled. In this work, we optimized the control of the air-cell actuators and proposed a 

novel design for a reclined chair constituted of four cushions: Head, Back, Seat, Heel 

(see Fig. 1). 

2 Design of the Automated Reclining Chair 

Figure 1 shows the reclining chair with four cushions (head, back, seat, heel) connected 

through two joints and each of them can be controlled by an external input. The overall 

dimensions of the cushions are designed considering the sitting position of the standard 

man (age 30, weight 70 kg, height 1.72 m) [18]. The reclining chair has two rotary 

joints that can rotate of 90° allowing to assume different shapes between two limit con-

figurations: a) chair, in which both the joints are at rest and the reclining chair has the 

same shape as shown in Fig. 1; b) bed, in which both joints are turned 90°, respect to 

Fig. 1, and the four cushions are aligned composing a sort of bed. The cushions com-

posing the reclining chair have been designed considering the areas more at risk of 

developing the PIs when lying in a bed, in particular: back of head and ears, shoulder 

and back, elbows, lower back and buttocks, greater trochanter, heel [19]. An innovation 
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introduced in the cushions of this work and presented in [17], respect to the proposed 

in literature [14-16], is that the air-cells are inflated or deflated in group making the 

system quicker to respond to the stimulus but also more accurate since these groups are 

correlated to the different areas, classified according to the risk of developing PIs. 

While sitting, the body weight mainly concentrates in the buttocks and the thigh re-

gions, but it largely depends on the adopted sitting posture and on the type of chair [14]. 

 
Fig. 1. 3D model of the reclining chair with four cushions: Head, Back, Seat, Heel. 

 

Different studies using dynamic pressure mapping have proven that the highest-pres-

sure values are below the Ischial Tuberosities (ITs) and the coccyx [16, 17]. Other stud-

ies have also confirmed that these regions are the more interested in shear and defor-

mation effects [17, 18]. Starting from the buttock region more at risk, four Level Sur-

faces (LSs) have been designed, as shown in Fig. 1. The LSs are numbered starting 

from the internal one. The seat cushion, presented in [17], is composed of 66 air-cells 

distributed on the cushion in the following way: 4 cylinders inside the LS1; 14 cylinders 

inside the LS2; 22 cylinders inside the LS3; 26 cylinders inside the LS4 [17]. The pres-

sure on the head, back and heel cushions goes from almost zero in the chair configura-

tion to bigger values while the bed configuration is being reached. Two LSs have been 

introduced in the head, back and heel cushions. Each LS is constituted by a defined 

number of air-cells, which are activated and deactivated together. The two LSs are re-

lated to the higher and lower risk zones of pressure ulcers generation. The LS1 is de-

limited by the internal Level Curve (LC1) and the LS2 is delimited by the LC1 and the 

external Level Curve (LC2). In the head cushion, the air-cells of LS1 are two, while 

there are eight air-cells inside the LS2. In the back cushion, the air-cells of LS1 are 
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eleven and they are disposed along the shoulder and the back, considering 500 mm the 

average distance between the arms. Thirty-two air-cells form the LS2. In the heel cush-

ion, four air-cells form the LS1 and are disposed considering the average distance be-

tween the two legs equal to 150 mm. The LS2 instead contains sixteen air-cells. 

3 Analytical Modelling of the Air-Cells 

The air-cells have been optimized with a Finite Element (FE) analysis in [17]. They 

have a cylindrical shape with an outer diameter of 30 mm, a height of 65 mm and a 

thickness of 1.2 mm. Moreover, silicon rubber is selected as the material for the cylin-

ders [20, 21]. If the change in the contact area (Acontact) between the load (Fext) and the 

air-cell is neglectable, the interface pressure (p) is simply obtained by the following 

relation: 

 
𝑝 =

𝐹𝑒𝑥𝑡
𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡

 
(1) 

In our system, the pressure inside each level surface must be adjusted proportionally to 

a given command. The regulation is carried out by means of two two-port digital valves 

controlled in Pulse Width Modulation (PWM) (see Fig. 2a). A first valve (supply valve) 

connects the LS to the air supply, the second (exhaust valve) connects the LS to the 

ambiance. The entire seat cushion, therefore, requires only eight very inexpensive 

valves to be controlled, reducing significantly the cost. More details on the general 

control system of an air-cell can be found in [17]. The air-cells can be considered such 

as an elastic tank receiving an air flow G(t) from the digital valves and an external force 

from the mass of the person using the cushion. The temperature T is assumed constant 

while the volume V(t), the pressure p(t), and the density ρ are free to change. Consid-

ering the transformation as polytrophic, the pneumatic continuity equation of the air-

cell is 

 𝑑𝑝

𝑑𝑡
=
𝐺𝑛𝑅𝑇𝑖
𝑉

(
𝑝

𝑝𝑖
)

1−𝑛
𝑛

−
𝑝𝑛

𝑉

𝑑𝑉

𝑑𝑡
 

(2) 

 

4 Control System Architecture 

A closed-loop control system has been used to control the internal pressure of the air-

cell. Therefore, the air-cell is the plant of our system while the two valves are the actu-

ators (as shown in Fig. 2b). A manual switch allows to quickly change the pressure 

reference input from a step signal to a trapezoidal signal, or vice-versa. The tracking 

error e(t) enters the controller (red block), which generates the PWM commands to the 

digital valves. The computed airflows reach the plant (green block) composed of two 

blocks. In the air-cell pressure block the instantaneous pressure p(t) of the air-cell is 

calculated integrating equation 2). In the air-cell block, the volume V(t) of the air-cell, 

its derivative dV/dt, and the height h(t) are computed. In particular, the volume V(t) 
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and the displacement z(t) were obtained through an interpolation of data measured with 

FE analysis [17]. 

 

Fig. 2. Supply and exhaust valve connected to a level surface (a); Simulink feedback control 

system of the single air-cell (b). 

Each cushion is studied considering a certain force distribution over it. In the seat cush-

ion a 9N load on the LS1, 7N on the LS2, 5N on the LS3, and 3N on the LS4 are applied 

[17]. Each LS block is equal to the system of a single air-cell of Fig. 2b, but with dif-

ferent input data for volume, pressure and displacement, derived from the different FE 

analyses [17]. The total volume is set proportionally to the number of actuators inside 

the specific LS. Two different approaches have been studied. In the first one, the LSs 

are controlled in series; in the second one, the LSs are controlled in parallel. In the 

series configuration, the control of a LS starts only when the previous LS has reached 

the steady-state condition; in the parallel configuration the control of all the level sur-

faces starts simultaneously. This method is used to observe the inflation and the defla-

tion of the four LSs in the seat cushion [17]. 

5 Results and Discussions 

For the reference signal of the single air cell, two kinds of input have been used, a step 

signal and a trapezoidal signal. The results have been obtained implementing the con-

trol architecture of Fig. 2 and are shown in Fig. 3. The pressure p(t) tracks well the 

pressure set. From the step response, it can be noticed that the system is critically 

damped and has a rise time of 0.5s. Figure 4 shows the simulation performed for the 

head, back and heel cushions. The simulations are performed using a supply pressure 

of 131.3 kPa for the LS1 and a supply pressure of 301.3 kPa for the LS2. Loads of 7N 

and 5N are applied on the air-cells of LS1 and LS2 respectively. The control system of 

the head cushion is faster than the other two because of the smaller number of air-cells 

to inflate/deflate but all the three cushions have a good ability in tracking the input. It 

is possible to note that in each cushion the control of LS1 is faster due to the smaller 

number of air-cells. 

b) a) 
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Fig. 3. System output with a step input (on the left) and a trapezoidal input (on the right) for the 

single air-cell. 

 
Fig. 4. Pressures evolution in head (a), back (b), and heel (c) cushions. 

a) 

b) 

c) 
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6 Conclusion 

The objective of this work was the development of a reclining chair composed by au-

tomated cushions for pressure ulcer prevention. A previous work [17] was focused on 

improving the control system of a single air-cell that composes the contact surface of 

the seat cushion. In this work, the development of the control system for the four dif-

ferent cushions composing a complete reclining chair is presented. Head, back and heel 

cushions, together with the previously developed buttocks cushion, compose the reclin-

ing chair, which can be moved between two limits configuration: a) chair and b) bed. 

The three new cushions are designed such that, again, particular attention was given to 

the more at-risk area of the body (back of head and ears, shoulder and back, elbows, 

lower back and buttocks, greater trochanter, heel). Therefore, each cushion has its own 

number of air-cells and its own distribution of them. Only two-level surfaces were used 

since they have to respond to lower load levels with respect to the buttocks cushion. 

Even for these cushions, the results of simulations highlighted a good behavior of the 

developed control system, which is able to reach with good dynamic performance the 

optimal pressure with any external loads and initial pressure conditions. 
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