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a b s t r a c t 

A sensorized air cell-based seat cushion system was developed to address the issues of loading magnitude 

and duration at a sitting interface to aid in reducing risk of sitting acquired pressure ulcers. This system 

is capable of pressure mapping, redistribution, and offloading which were verified using an anthropo- 

morphic model and a human subject. The system is comprised of an air cell array cushion, a pneumatic 

control unit, and a graphical user interface. ISO load deflection testing confirmed that the cushion’s load- 

ing response is comparable to commercial air cell-based seat cushions. Testing demonstrated that the 

internal pressure of the air cells are indicative of interface pressure and can be used as input to pressure 

modulating algorithms. Uniform pressure distribution was achieved through automated pressure redistri- 

bution algorithm implementation where the immersion of a subject into the seat cushion increased and 

interface pressure decreased. High pressure point identification and automatic offloading were performed 

in which newly created high pressure points were addressed using subsequent redistribution. Pressure 

mapping enabled offloading and redistribution can objectively manage the effects of loading magnitude 

and duration at the sitting interface. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Sitting acquired pressure ulcers (PU) are one of the main sec-

ndary medical complications experienced by individuals with

hysical and neurological conditions, such as spinal cord injury and

troke, who spend long periods of time in seated positions [1–3] .

hough the etiology of PU formation is multi-factorial, mechani-

al compression and shear force acting upon skin, muscle, and fat

gainst bony protuberances are postulated to be the main con-

ributing factors [4,5] . Cells and tissues undergo deformation and

schemia when external mechanical loading exceeds physiological

hresholds for magnitude and duration leading to PU formation

6] . As sitting concentrates approximately 50% of a person’s body-

eight onto only 8% of their body’s surface area, sitting may gen-

rate pressures in excess of 100 mmHg over vulnerable areas such

s sacrum and ischial tuberosities, well above accepted pressure

hresholds [7–10] . The degree of pressure on the body and the

ime required to begin PU formation are inversely proportional;

herefore, this problem is exacerbated by longer sitting times as
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ven lower seated pressure can lead to PU formation given a long

nough time [11] . 

Current strategies attempt to mitigate PU formation by fo-

using on reducing the duration and magnitude of loading us-

ng frequent repositioning, offloading, and pressure reducing seat

ushions. Clinical guidelines recommend that wheelchair users

requently perform pushups, rolling side-to-side, and forward-

eaning to avoid pressure acting on the same region of the body

ver an extended period. Only individuals capable of indepen-

ently performing these movements can adhere to these guidelines

hile those needing help must rely on caregivers [12–14] . How-

ver, the workload and availability of caregivers has become a bar-

ier to providing adequate care [15–18] . To complement efforts at

educing PU formation, seat cushion technologies have been devel-

ped to relieve magnitude and duration of pressure. 

Pressure reducing seat cushions employ two main strategies,

amely passive and active pressure modulation [19] . Passive cush-

ons employ foams, gel, air cell arrays, and customized surface ge-

metries to reduce the magnitude of the peak interface pressure

y increasing contact surface area through greater immersion of

he person into the cushion [14,20] . Among them, air cell cush-

ons have shown to provide higher immersion and can distribute

https://doi.org/10.1016/j.medengphy.2019.06.006
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Fig. 1. The air cell array-based seat cushion with pneumatic control unit and GUI. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic of the 62 cell (two side cells at posterior corners are connected 

to each other and considered as a single cell) seat cushion layout and the overall 

dimension. 
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pressure more effectively than foam and gel cushions [21] . Cus-

tomized contouring of foam seat cushions are also employed to fit

the shape of a user’s buttocks to maximize contact surface area.

However, pathoanatomical changes of individuals over time can

drastically alter the effectiveness of this approach [21] . Active seat

cushions try to prevent long pressure durations by offloading cer-

tain areas at predetermined time intervals so as to relieve pressure

and promote reperfusion [22–25] . A majority of the studied active

seat cushions employ air cell arrays which are inflated and deflated

to modulate pressures. Though effective at relieving the pressure in

a given area, offloading in this manner can affect the surrounding

areas whose tissues may experience significantly higher pressure

and shear. An ideal active cushion should offload and address the

consequences of offloading in a given area to reduce both the ef-

fects of magnitude and duration. 

This paper presents a sensorized air cell array seat cushion sys-

tem capable of relieving pressure and eliminating peak pressure

points using real-time pressure mapping with closed-loop control.

First, design considerations of the seat cushion, pneumatic control

system, and graphical user interface (GUI) are briefly discussed.

Secondly, the system’s real-time pressure mapping capability is

verified with a commercial pressure sensing mat. This examines

the system’s ability to accurately detect the pressure profile of a

seated person which is used as the control input for modulating

air cell pressure. Finally, the pressure redistribution and offloading

capabilities are demonstrated with an anthropomorphic model and

a seated individual. 

2. System description 

The system ( Fig. 1 ) consists of an air cell array-based seat cush-

ion, a controller with electronic and pneumatic components, and

a GUI [26] . Each cell in the cushion acts as both a sensor and

an actuator where the internal pressure of the cells are used for

detecting and modulating interface pressure. The internal pres-

sure of each cell is individually controlled using a corresponding

pressure sensor and a valve. The GUI provides commands to the

controller for pressure modulating algorithm while it records and

displays the internal pressure profile of the seat cushion. This

continuous pressure mapping capability enables accounting for

both the duration and magnitude of pressures acting on the sit-

ting interface regardless of individuals’ posture, size, shape, and

weight. Pressure mapping coupled with control algorithms allows

for the automatic identification and modulation of interface pres-

sure through offloading and redistribution. 
. Seat cushion design and fabrication 

This seat cushion uses a combination of different sized air cells

n arrays which are designed to modulate the pressure across a sit-

ing surface. The cushion ( Fig. 2 ) consists of active and passive re-

ions where the active region participates in pressure modulation

nd the passive region, shown outside of the dashed line, provides

tability. These passive cells are inflated to a constant pressure and

re not used in modulation operations. The cells within the ac-

ive region are of two designs: smaller cells for the posterior and

arger rectangular cells for the anterior. The arrangement of the

osterior and anterior cells are of 5 × 10 and 3 × 2 arrays, respec-

ively, with a space of 8 mm in-between. Clinical observations have

hown that pressure concentrations occur primarily in the poste-

ior region of the buttocks. These high pressure points are often lo-

ated on and around the bony prominences i.e., ischial tuberosities

IT) and the coccyx [27,28] . Air cells in the posterior of the cushion

nable identification and modulation of pressure under these bony

rominences. The design of the posterior cells are cylindrical with

 diameter of 33 mm which was selected to provide a unit area of

54.87 mm 

2 , significantly smaller than the reported contact area

f 3349.1 mm 

2 under IT [29,30] . Anterior region cells have a unit

rea of 185 mm × 70 mm which was chosen based on the absence

f bony prominences within this region of the body. Furthermore,

he larger cells were primarily created for load bearing and sim-

lifies the control aspect by reducing the number of cells. All cells

ave a height of 70 mm that allows for an immersion greater than

he distance between the IT and great trochanter, which is about

0 mm [31] . The extra 20 mm prevents the seat cushion from bot-

oming out during sitting and allows for deflation if needed during

ressure modulation. This distance was also within the suggested

ange of 12.7 mm to 25.4 mm, which is the distance from the IT to

 wheelchair seat after immersion within air cell-based seat cush-

ons [29,32] . 

The seat cushion was manufactured using a standard dip mold-

ng process combined with a bonding process which is commonly

mployed for air cell-based seat cushion manufacturing. The dip

olding process consisted of sequential dipping of neoprene, la-

ex, and neoprene rubber that produce cells with multilayer elas-

omers. The inner and the outer neoprene layers have approximate

hicknesses of 0.37 mm and 0.21 mm while the middle latex layer

as a thickness of 0.42 mm. Enclosing latex in-between the neo-

rene rubber layers ensures no latex is in contact with the user.

he overall cushion size is 526 mm × 485 mm × 70 mm ( W × D × H )

hich matches the dimensions of a large size commercial

ushion. 
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Fig. 3. Pneumatic and electronic layout of the seat cushion and control hardware showing each microcontroller managing half (31 air cells) of the seat cushion. 

4

 

c  

p  

c  

t  

n  

s  

T  

c  

c  

l  

i  

r  

p  

r  

t

 

c  

i  

a  

p  

c  

c  

p  

t  

m  

m  

t  

o

 

P  

P  

s  

b  

t  

T  

t  

a  

e  

P  

l  

c  

i  

a  

[

 

d  

s  

v  

a  

l  

p  

e  

c  

a  

m  

a  

p  

c  

a  

t  

p  

P  

t  

h

5

 

t  

i  

g  

L  

5  

t  

o  
. Pneumatic control unit 

The control unit was a collection of pneumatic and electronic

omponents designed to achieve a closed-loop control for internal

ressures of 62 air cells. These components included two micro-

ontrollers in a Master-Slave configuration which communicated

hrough an I2C bus, an array of solenoid valves with the same

umber of electrically controlled power switches and air pressure

ensors, a miniature air pump, and a pressure regulator ( Fig. 3 ).

he solenoid valve arrays were grouped into 4 sets of 16 and were

onnected to a common manifold. These air lines supplied 62 air

ells through a common manifold while providing two additional

ines for exhaust of the manifold. Similar to the solenoid valves,

nternal air pressure sensors were connected to each air cell which

eport to their corresponding microcontroller. Additionally, the air

ump was connected to the common manifold via the pressure

egulator which supplies air at a reduced pressure with a consis-

ent flow rate. 

To address the high number of inputs and outputs, a two mi-

rocontroller solution was chosen. Half of the air cells were mon-

tored and controlled by the Master microcontroller with the rest

ddressed by the Slave. Since common resources such as the air

ump and pressure regulator can only be controlled by one micro-

ontroller, all the inputs and outputs addressed by the Slave micro-

ontroller were transmitted to the Master to inform its control im-

lementation. Hence, the only job of the Slave microcontroller was

o relay messages between the Master and the connected pneu-

atic hardware. The control algorithm implemented on the Master

icrocontroller ensures that the commanded pressure profile from

he GUI was achieved in all air cells using the pneumatic hardware

f the control unit. 

The control objective was to regulate the internal pressures

 sens i so that | P sens i − P com i | < σ for a small enough σ value, where

 sens i is the sensed internal pressure and P com i is commanded pres-

ure of the i th air cell. The σ value was chosen to be 0.35 kPa

ased on a pressure sensor resolution of 0.05 kPa and response

ime of the controller hardware through system characterization.

he solenoids s i connect the cells to the common manifold and

he exhaust solenoid s e connects the common manifold to the
tmosphere. The air cell solenoids s i , exhaust solenoid s e , and lin-

ar pressure regulator P lpr are considered control inputs, whereas

 sens i are considered outputs to be regulated. Given the pneumatic

ayout of the seat cushion system, a novel scheduling bang-bang

ontroller was implemented along with time division multiplex-

ng to share the common resources of air pump and regulator for

chieving simultaneous regulation of internal pressure in all cells

26,33] . 

A custom GUI ( Fig. 4 ) was developed to capture pressure data,

isplay a pressure profile, and accept user input. A majority of the

pace in the GUI was used to display the internal pressure data in

arious representations. The pressure sensor data was used to cre-

te an interpolated pressure profile which was then displayed as a

ive three dimensional surface map. Additionally, the GUI also dis-

layed raw internal pressure data from each sensor as well as av-

rage pressure of various areas (e.g. thigh, buttock, left, right) for

onvenience of the user. The raw pressure data can be collected

nd saved to a given file name along with a time stamp using two

odes: (i) a snapshot of pressures captured at any moment and (ii)

 recording of pressures captured for a specified length of time. A

ressure control panel along with a manual area selection panel

an be used to command the internal pressure of any air cell or

 group of air cells. The pressure control panel also enables con-

rol for more automated pressure modulation operation including

ressure offloading and redistribution. This GUI was developed in

ython environment using the ‘pygtk’ library which performs all of

he above functions without the use of any proprietary software or

ardware. 

. Load-bearing and hysteresis tests 

Tests were conducted with standard wheelchair seat cushion

est setup to verify the load-bearing capability and the correspond-

ng immersion of the manufactured seat cushion following the

uidelines of ISO 16840-2 [34] . Setup included a Rigid Cushion

oading Indenter (RCLI) attached to a Material Testing System (MTS

8 Bionix II) that allows for uniaxial loading in the vertical direc-

ion of the cushion up to 750 N and measuring the travel distance

f the RCLI, which will account for the immersion of the cushion
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Fig. 4. Python-based GUI for the operation and monitoring of the seat cushion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 5. Standard wheelchair seat cushion test setup. 
during loading and unloading. As shown in Figure 5 , the seat cush-

ion was placed on the base plate of the MTS and was aligned with

the RCLI so that the IT of the indenter were supported by the small

cylindrical air cells while the thigh area was supported by the large

rectangular air cells. 

To examine the cushion behavior at different initial inflation

pressures, three different inflation cases were used in the active

region while the bordering passive air cells were kept at constant

pressure of 2.8 kPa. All active air cells were inflated uniformly to

gauge pressures of 0 kPa, 1.4 kPa, and 2.8 kPa that were similar

in magnitude to values suggested for air cell-based seat cushions

where higher inflation pressure indicates higher stiffness [28] . Each

test was conducted three times to ensure repeatability. The inter-

nal pressure of all air cells in the cushion and displacement of the

RCLI during the loading and unloading phases were recorded both

to continuously examine the integrity of the cushion when subject

to high loads and to calculate the hysteresis from load-deflection

curves. 

Figure 6 (a) shows the time trajectories of sensed and com-

manded axial force during the load-deflection test where the
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Fig. 6. Time trajectories of (a) sensed and commanded axial forces, (b) average in- 

ternal pressure among all air cells, (c) recorded axial displacement during the load 

deflection test conducted with initial inflation pressure of 1.4 kPa. 

i  

j  

o  

r  

c  

s  

r  

e  

p  

c  

r  

l  

i  

r  

d  

C  

w  

w  

Table 1 

Hysteresis indices at 250 N, and 500 N loading conditions for vari- 

ous initial inflation conditions. 

Inflation pressure 

(kPa) 

Hysteresis index 

at 250N 

Hysteresis index 

at 500N 

0 0.040 0.027 

1.4 0.039 0.032 

2.8 0.032 0.038 

m  
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p

nitial inflation pressure was set to 1.4 kPa. The cushion was sub-

ected to step-wise compression and unloading with applied forces

f 250 N, 500 N, and 750 N for set time intervals and ramping

ates. The force trajectories indicate that the MTS maintained the

ommanded axial force on the seat cushion with acceptable over-

hooting behavior most noticeable at time = 37 s during the initial

amp up to 250 N, also occurring to an infinitesimal degree at

very other force increment. The trajectory of the average internal

ressure of the active air cells, shown in Figure 6 (b), shows instant

hange when the loading conditions vary indicating a spontaneous

eaction of the air cells when responding to changes in external

oads. This characteristic allows the cushion to capture real-time

nternal pressure changes to assist with pressure modulation. The

ecorded axial displacement, Figure 6 (c), of the MTS was the travel

istance of the RCLI and shows the compression of the cushion.

ontinuously recorded displacement was plotted against time

here negative values indicate that the MTS was moving down-

ards and zero displacement indicates the position where the RCLI
ig. 7. Phase plot of measured axial displacement vs. applied axial force during both comp

ressures of the seat cushion: (a) 0 kPa, (b) 1.4 kPa, and (c) 2.8 kPa. 
ade contact with the cushion with no significant force applied.

ote, there was upward movement of the RCLI before ramping

he force to 250 N that was due to the inherent characteristic of

TS system where the MTS pulled up and then moved down to

ompress the cushion. Similarly, after the completion of the test,

he RCLI retracted back about 10 mm above the cushion. As ex-

ected, the displacement increased during the compressing phase

nd reached maximum displacement of 43.25 mm at the load of

50 N, which ensured the cushion’s immersion capability and load

apacity while preventing the cushion from “bottoming-out”. 

The same tests were performed with initial inflation pressures

f 0 kPa and 2.8 kPa and force-displacement plots of all three cases

re shown in Figure 7 . Lower pressure provides more immersion

howing the cushion was more compliant while, conversely, higher

ressure shows less immersion resulting from higher resistance

mplying a stiffer cushion. These findings align with the conclu-

ions obtained from ISO tests of other commercial seat cushions

here the trend of the gradient denotes the stiffness of the cush-

on which indicates its ability to envelop around the pelvis. A shal-

ower gradient indicates a stiffer cushion and a compliant cushion

sually has a steeper curve [35] . 

The hysteresis index, also known as the resilience, indicates the

nergy dissipation capability as well as the tendency of the seat

ushion to come back to its original shape. A higher resilience in-

icates greater dissipation and damping of the mechanical energy

ransferred through the seat cushion; however, it also indicates a

low rate of recovery in returning to its original shape after a load

as removed. Thus, there exists a prescribed range for appropriate

esilience between 0.02–0.3 which is within the range of commer-

ial wheelchair seat cushions [34] . The hysteresis was calculated

sing the formula provided in the ISO guideline with the input of

he cushion thickness at two loading steps including compressing

nd unloading, as seen in Eq. (1) [35] . The calculated hysteresis for

hree inflation cases is listed in Table 1 which indicate that our

eat cushion was in the lower end of the prescribed range that

orresponds to low energy dissipation and fast response to load

hanges. The hysteresis indices for the seat cushion were the clos-

st to the commercially available air cell-based cushion (ROHO Sin-

le valve cushion) which evaluates at 0.096 for 250 N, and 0.043

or 500 N [34] . The indices indicate that the seat cushion was faster
ression and unloading phases of the load-deflection tests at various initial inflation 
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Fig. 8. (a) Test setup used for conducting pressure mapping, (b) internal pressure profile when 500 N is applied on a cushion with 0 kPa inflation pressure, and (c) corre- 

sponding interface pressure profile. 
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than the ROHO cushion when it responds to changes in loading

conditions. This will allow the seat cushion to perform pressure

sensing and pressure modulation with minimal lag and at a rela-

tively higher frequency. 

Hysteresis index at 250 N = 1 − h 250 u 

h 250 c 

Hysteresis index at 500 N = 1 − h 500 u 

h 500 c 

(1)

6. Pressure modulation test 

6.1. Interface and internal pressure mapping 

The internal pressure and interface pressure profiles should

match in regards to pressure distribution in order to use the inter-

nal pressure of the air cells for modulation of the interface pres-

sure. Testing of the pressure mapping of the seat cushion was ver-

ified using a commercial interface pressure sensor mat (BT1526,

BodiTrak) that was placed on the cushion after inflation to 0 kPa,

shown in Figure 8 (a). A static load of 250 N, 500 N, and 750 N was

applied using the MTS to mimic body weights of 51 kg, 102 kg,

and 153 kg assuming 50% of the body weight is supported by the

cushion [7] . Internal pressure maps shown are extrapolated over

a uniform grid using ‘biharmonic spline’ method while the inter-

face pressure maps are extrapolated by the BodiTrak software. The

internal pressure and interface pressure data were recorded si-

multaneously and representative pressure maps for the 500 N case

are shown in Figure 8 (b) and (c) with similar results observed for

250 N and 750 N. The magnitude and profile of both interface and

internal pressures showed similar trends with the posterior sec-

tion of the buttock model having deeper immersion than the ante-

rior resulting in concentrated pressure in the posterior. This shows

a consistent agreement reflected among all the loading scenarios

and confirms that the internal pressure of air cells can be used as

a representation for the interface pressure. 

Additionally, testing was performed with a human subject who

changed their sitting posture to verify the system’s ability to recog-

nize posture and high pressure points in a real world scenario. The

pressure profiles for different sitting postures (sitting upright, lean-

ing left, and leaning right) are displayed in Figure 9 (a)–(c). These

data confirm consistent agreement between the internal and inter-

face pressure profiles at each posture and the ability of the seat

cushion to identify postural changes with a distinct pressure pro-

file corresponding to anatomical features in a human subject [36] . 
.2. Redistribution test 

To investigate the cushion’s pressure redistribution capability, a

edistribution test was performed where the algorithm equalizes

he air pressure in all air cells. Multiple redistribution phases are

sed to obtain lowest possible internal pressure without bottom-

ng out. In phase 1, the common inflation pressure is determined

y the calculated average of internal pressures of all air cells. In

ubsequent phases the common inflation pressure is reduced by

qual decrements. The seat cushion was pre-pressurized to 1.4 kPa

nd a static load of 500 N was maintained. The interface and in-

ernal pressure profile at each phase are plotted before loading in

igure 10 (a) and after loading in Figure 10 (b). The average pres-

ure among all active air cells upon loading was calculated to be

.3 kPa which was used as the common pressure among all active

ells in the first pressure redistribution. As seen in Figure 10 (c), the

oncentrated pressure in the posterior was reduced and the inter-

ace pressure became more evenly distributed. The contact surface

rea increase in the interface profile implies that immersion has

ncreased. Further reduction of redistribution pressure in subse-

uent phases shows more uniformly distributed interface pressure

ith increased contact area, shown in Figure 10 (d)–(f). 

Results showed that the maximum and average values of the

nterface pressure were reduced as the redistribution phases pro-

ressed, seen in Figure 11 (a), with a significant maximum reduc-

ion at the first redistribution phase. Since all active air cells were

ressurized equally to a specific value which was reduced through-

ut the phases, the maximum pressure and the calculated av-

rage pressure were not significantly different. From comparing

igures 10 and 11 (a), it can be determined that the interface pres-

ure profile was not uniform across the cushion surface as there

ere localized pressure concentrations, possibly attributed to the

harp deformation of the interface pressure mat due to the non-

ontinuous nature of the seat cushion surface. These pressures

ere always outliers compared to the average where magnitudes

emain around 17 kPa despite shifts in location after each pressure

edistribution. 

During the pressure redistribution test, the displacement of

he RCLI was recorded as a measure of immersion. As shown in

igure 11 (b), a significant immersion occurred as the load was ap-

lied, with further immersion occurring as pressure redistribution

hases progressed. This factor determines when the redistribution

erminates as the remaining height of an air cell under load must

aintain approximately 25 mm to avoid bottoming out. In this

ase, the final redistribution pressure was 3.16 kPa with an immer-

ion exceeding 50 mm. This pressure was considered optimal for

ir cell-based cushions [28] . This pressure redistribution technique
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Fig. 9. Internal (top) and interface (bottom) pressure profiles with various sitting postures (a) sitting upright, (b) leaning left, and (c) leaning right. 

Fig. 10. Part I: Internal (top row) and interface (bottom row) pressure profile generated at each pressure modulation phase (a) after pre-pressurizing seat cushion to 1.4 kPa, 

(b) when applying a static load of 500 N, and (c) after assigning a pressure of 7.3 kPa to all air cells (redistribution phase 1). 

Part II: Internal (top row) and interface (bottom row) pressure profile generated at each pressure modulation phase (d) further reducing the redistribution pressure to 

5.92 kPa (phase 2), (e) at redistribution pressure of 4.54 kPa (phase 3), and (f) final redistribution pressure of 3.16 kPa (phase 4). 
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Fig. 10. Continued 

Fig. 11. (a) Maximum and average pressure of internal and interface pressure and (b) recorded displacements at each redistribution phase. 
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was not only capable of providing a more uniform pressure distri-

bution conforming to the pelvis, but increases the immersion, both

of which are considered key factors in pressure ulcer prevention

strategies [14,20,21] . 

Similar to pressure mapping tests, redistribution testing was

performed with a seated human subject in a natural upright po-

sition where the cushion was pre-pressurized to 1.4 kPa. Upon sit-

ting, the average pressure in the air cells rose to 5.17 kPa and a

three-phase pressure redistribution was carried out until the fi-

nal pressure was reduced to 2.37 kPa, seen in Figure 12 (a)–(d).

Captured pressure profiles indicate that pressure uniformity as

well as the contact surface area increased with each redistribution

step. 
.3. Pressure offloading test 

After confirming pressure redistribution capability, the pressure

ffloading test was conducted to verify the automated peak pres-

ure identification and offloading capability of the cushion. The

ame test setup was used as in the previous test with the ex-

eption of the pressure mat as it would interfere with offload-

ng. The seat cushion was pre-pressurized to 1.4 kPa, shown in

igure 13 (a), and then compressed with the RCLI at 500 N as seen

n Figure 13 (b). An automated pressure relief algorithm was exe-

uted to remove high pressure points above a calculated threshold

alue based on the sensed pressure profile, seen in Figure 13 (c).

he threshold pressure value is a percentage of the linear sum of
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Fig. 12. Internal (top) and interface (bottom) pressure profiles through various phases of redistribution (a) upright posture before redistribution, (b) all air cells redistributed 

to 5.17 kPa, (c) redistributed to 3.77 kPa, and (d) redistributed to 2.37 kPa. 

Fig. 13. Internal pressure profiles for various stages of offloading and redistribution (a) initial inflation to 1.4 kPa, (b) compression at 500 N, (c) offloaded high pressure areas 

determined by 30% thresholding parameter, and (d) redistributed pressure in remaining air cells. 

Fig. 14. Internal pressure profiles through various stages of offloading and redistribution (a) initial inflation of 1.4 kPa, (b) person seated at an upright position, (c) offloaded 

high pressure areas determined by 30% thresholding parameter, and (d) redistributed pressure in remaining air cells. 
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minimum and maximum internal pressure values which can be ad-

justed based on the need of the patient where a higher thresh-

old value results in less offloaded air cells. Offloading results in a

new pressure profile with newly created high pressure points in

areas surrounding and supporting the offloaded air cells. Subse-

quent pressure redistribution was implemented to remove these

new high pressure points and uniformly distribute the load among

the remaining air cells without interfering with the offloaded cells

as seen in Figure 13 (d). For accommodating medical conditions,

such as deformity and pre-existing wounds, the pressure can be

manually removed at known locations to avoid loading in sensitive

areas and will not affect the pressure redistribution procedure. 

The automated pressure offloading-redistribution capability was

also verified with a seated person and the internal pressure pro-

files were plotted in Figure 14 (a) and (b). The concentrated pres-

sures under the IT areas were successfully removed with the same

threshold value used in the RCLI test (as seen in Figure 14 (c)) and

the resulting high pressure points were further reduced by a sub-

sequent redistribution, seen in Figure 14 (d). 

7. Conclusions 

We have successfully demonstrated the pressure management

capability and characteristics of a sensorized air cell-based seat

cushion including load response, real-time pressure mapping, re-

distribution, and adaptive pressure offloading. The cushion was

verified with an ISO load deflection test for hysteresis and is com-

parable to commercial air cell-based seat cushion behavior. This

testing also confirmed the real-time pressure mapping capability

of the system in response to dynamic loading changes. Further, we

have confirmed that sensed internal air pressure can be used as an

analog for the interface pressure. Therefore, it was concluded that

this internal pressure can be used as an input for pressure redis-

tribution and offloading algorithms. 

We observed that as pressure redistribution phases progressed,

immersion was increased while the contact pressure was reduced

and uniformly distributed. Furthermore, this system was able to

identify and automatically redistribute newly created high pressure

points after offloading. This confirms that our seat cushion tech-

nology is capable of addressing the issues of loading magnitude

at the sitting interface. As the algorithm can react to the dynamic

changes of a user’s seated posture, it could therefore be used to

manage the duration of loading at this interface. 

Advantage of this technology over other seat cushions is that it

will reduce the caregiver’s and user’s intervention in the current

practice of time based repositioning. Sensor driven modulation en-

ables objective pressure relief strategies. However, the dimensions

of the prototype as well the size of control hardware make the in-

tegration possible for a limited section of wheelchairs. In future

works, we plan to reduce the form-factor of the control unit and

examine the seat cushion behavior such as dynamic stability, us-

ability, and safety. 
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