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Abstract

Background: The objective of our study was to develop a novel capacitive force
sensor that enables simultaneous measurements of yaw torque around the pressure
axis and normal force and shear forces at a single point for the purpose of
elucidating pressure ulcer pathogenesis and establishing criteria for selection of
cushions and mattresses.

Methods: Two newly developed sensors (approximately 10 mm×10 mm×5 mm (10)
and 20 mm×20 mm×5 mm (20)) were constructed from silicone gel and four upper
and lower electrodes. The upper and lower electrodes had sixteen combinations that
had the function as capacitors of parallel plate type. The full scale (FS) ranges of
force/torque were defined as 0–1.5 N, –0.5-0.5 N and −1.5-1.5 N mm (10) and 0–
8.7 N, –2.9-2.9 N and −16.8-16.8 N mm (20) in normal force, shear forces and yaw
torque, respectively. The capacitances of sixteen capacitors were measured by an
LCR meter (AC1V, 100 kHz) when displacements corresponding to four degrees of
freedom (DOF) forces within FS ranges were applied to the sensor. The
measurement was repeated three times in each displacement condition (10 only).
Force/torque were calculated by corrected capacitance and were evaluated by
comparison to theoretical values and standard normal force measured by an
universal tester.

Results: In measurements of capacitance, the coefficient of variation was 3.23% (10).
The Maximum FS errors of estimated force/torque were less than or equal to 10.1
(10) and 16.4% (20), respectively. The standard normal forces were approximately 1.5
(10) and 9.4 N (20) when pressure displacements were 3 (10) and 2 mm (20),
respectively. The estimated normal forces were approximately 1.5 (10) and 8.6 N (10)
in the same condition.

Conclusions: In this study, we developed a new four DOF force sensor for
measurement of force/torque that occur between the skin and a mattress. In
measurement of capacitance, the repeatability was good and it was confirmed that
the sensor had characteristics that enabled the correction by linear approximation
for adjustment of gain and offset. In estimation of forces/torque, we considered
accuracy to be within an acceptable range.
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Background
For prevention of pressure ulcers, information on the amount of forces and the direc-

tions of forces is important for the setup of depressurization from the skin surface and

for elucidation of the mechanism in pressure ulcer pathogenesis. Pressure ulcer is is-

chemic tissue necrosis. The main cause of pressure ulcers is locally sustained forces ap-

plied to the skin surface. The stress generated by the forces is intensely focused on

bony prominences (e.g., sacrum and ischium) and promotes the development of pres-

sure ulcers. Japan’s population is now rapidly aging. In 2010, the population of Japan

was approximately 128,057,000, with 29,484,000 people over the age of 65 years. The

proportion of people over 65 years of age accounted for 23% of the total population [1],

and it is predicted that the proportion of elderly people will continue to increase. Since

the proportion of people confined to bed will also increase, particular disorders (such as

pressure ulcers) that develop in such a condition will also increase and will become an

important social issue in the aged society.

Studies on pressure ulcers have been multidisciplinary studies including fields such

as medical science, nursing [2] and engineering. Studies of relation between pressure

ulcers and forces of pressure and shear directions has been examined for clinical appli-

cations. Salcido et al. reported skin responses of various animal models to pressure and

friction [3]. Animal models are used for experimental observation of the skin directly

above a bony prominence because such observation is difficult in human subjects. Ani-

mal models have been used not only in histological studies but also for assessment of

wound care products. Ohura et al. validated the mechanical property of a commercially

available wound dressing using a skin model with a bony prominence consisted of por-

cine skin and force sensors [4]. One of the sensors is a pneumatic detection apparatus

(Predia, Molten) that is flexible and thin and has the ability to measure pressure and

shear forces simultaneously. Measurements of forces on the skin model indicated that

dressing materials can reduce shear force. The amount of force applied to the skin and

the amount of stress produced by the force have been shown to be associated with

cushion and mattress materials and body position [5]. The sensor was also used for

quantification of the effectiveness of a cushion and a mattress. Akins et al. measured

interface shear stress, interface pressure, and horizontal stiffness of commercially

available wheelchair seat cushions [6]. Information on a cushion’s effectiveness is

necessary for selection of appropriate patient-specific cushion. Pressure and shear

characteristics of various cushion materials were determined by a loading apparatus

using a rigid cushion loading indenter of buttocks configuration. As stated above,

recent studies related to pressure ulcers have focused on shear force in addition to

pressure for reduction of these forces.

Components of force applied to the skin surface consist of six degrees of freedom

(DOF). When the skin surface is defined as the XY plane in a Cartesian coordinate system,

force components in X, Y and Z axes directions are denoted as shear forces FX and FY and

normal force FZ, respectively (Figure 1). Roll, pitch, and yaw torques (TX, TY and TZ) are

represented in rotation directions around X, Y, and Z axes. Recent studies on pres-

sure ulcers have also focused on yaw torque [7], which can occur with postural

change and weight shift, in addition to normal force and shear forces. However,

quantitative evaluation of yaw torque has not been performed because there is no

sensor device for application to the skin surface.



Figure 1 Force and torque components of six DOF on the skin surface. In the XY plane as the skin
surface, the force component of the vertical axis is normal force FZ and the force components of horizontal
axes are shear forces FX and FY. The torque components around the axes are roll, pitch and yaw (TX, TY and TZ).
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Various six DOF force sensors have been developed for industrial applications. In the

field of robotics, results of studies on the development of a multi DOF sensor have

been reported. Chao et al. reported a strain gauge-based six DOF force transducer for

the detection of wrist force [8]. These robotic force sensors require heavy duty con-

struction. However, a flexible and thin structure is desirable for a sensor for measuring

force applied to the skin surface [9]. In research related to a tactile sensor, a flexible, thin,

and small sensor for detecting three DOF (normal force and shear forces) has been deve-

loped by micromachining technology. Wang et al. developed a silicon sensor using four

piezoresistors [10]. The forces were calculated by the combination of several piezoresis-

tors. The voltage of each resistor was measured in the calibration ranges of compressive

force (0–30 N) and shear force (5–40 N). Hwang et al. developed a device for application

not only as a tactile sensor but also as a ground reaction force sensor for balance control

in humanoid robots [11]. Each element of the sensor was constructed from polyimide and

polydimethylsiloxane substrate and there were four thin-film metal strain gauges for flexi-

bility. The operation of one element was confirmed by the ranges of normal load (0–4 N)

and shear force (0–1.5 N). The operation was also confirmed in 8×8 sensors and a ground

reaction force sensor. Many of these sensors have the ability to detect three DOF forces.

In the forementioned studies related to force sensors, although the sensors were deve-

loped by using a strain gauge, a capacitive tactile sensor has also been reported. da Rocha

et al. developed a capacitive tactile sensor by using one upper electrode, four lower

electrodes (aluminum) and flexible dielectric material (rubber) [12]. The forces

were calculated by four capacitors constructed from four combinations of upper

and lower electrodes. The operation was confirmed by the force as displacement of

pressure direction (0–200 μm) and the displacement of shear direction (0–250 μm).

Cheng et al. presented a polymer-based capacitive sensing array by polydimethylsiloxane

and flexible printed circuit board (FPCB) [13]. In order to solve the problem of vulnerabi-

lity of the interconnect line between sensing areas, the interconnect line was arranged in

the lower substrate side only. One floating electrode and two lower electrodes had the

function of a pseudo-parallel-plate capacitive mechanism. The operation as a 4×4 shear

sensing array was confirmed by a loaded condition with normal force of 5.5 N and shear

force of 3.1 N. One of the problems in the capacitive sensor is small capacitance due to



Murakami et al. BioMedical Engineering OnLine 2012, 11:90 Page 4 of 18
http://www.biomedical-engineering-online.com/content/11/1/90
miniaturization of the structure and there is an increase in the rate of stray capacitance.

Our desired sensors of two types had different sensing areas of 10 mm×10 mm and

20 mm×20 mm. The 10 mm square sensor can be used for application to the calcaneus,

which is the minimum bony prominence in the human body, while the 20 mm square

sensor can be used for application to bony prominences that are larger than the calcaneus.

Our sensor had four upper electrodes and four lower electrodes as sixteen capacitors.

Forces and torque were estimated by the capacitance values in the capacitors. We

considered that likely forces and torque are ensured by estimation using several combina-

tions of upper and lower electrodes even if stray capacitance exists in the measurement

environment. The capacitive sensor has the advantage of sensitivity being easily changed

by selection of the dielectric. An appropriate dielectric was selected for this sensor.

The goal of our study was to develop a novel capacitive force sensor that enables simul-

taneous measurements of yaw torque around the pressure axis as well as normal force

and two orthogonal shear forces at a single point. We describe the fabrication of a proto-

type sensor, results of measurement of capacitance characteristics and results showing the

validity of estimated forces and torque. For the purpose of elucidation of pressure ulcer

pathogenesis and establishment of criteria for selection of cushions and mattresses, it is

important to determine the direction and amount of forces applied to the affected area of

the skin surface. The newly developed sensor has a structure that also enables detection of

torque components TX and TY.
Sensor theory
Sensor structure

The newly developed sensor was constructed from a cubic dielectric and four upper and

lower electrodes (Figure 2). The upper electrodes are denoted by A, B, C, and D and the

lower electrodes are denoted by A’, B’, C’, and D’ (Figure 2A). There are sixteen combina-

tions of upper and lower electrodes: AA’, AB’, . . ., and DD’. Each paired electrode has the

function of a capacitive parallel plate type. Components of the four DOF were defined as

X and Y in the shear directions, Z in the pressure direction and yaw angle ΘZ in the rota-

tion direction around the Z axis. The origin of the coordinate system O was established as

the center point of the lower substrate. The center point of the upper substrate was

denoted as O’. (α, β, γ) is the initial position of the lower electrode center point in an

unloaded condition. The initial angles of upper and lower electrodes in an unloaded con-

dition are ’A = ’A’ = 45 degrees, ’B = ’B’ = 135 degrees, ’C = ’C’ = 225 degrees, and ’D =

’D’ = 315 degrees. Center points of the electrodes were defined as PA, PB, . . ., and PD’.

Tables 1 and 2 show the desired displacements and force/torque ranges for the 10 mm

square sensor and 20 mm square sensor.
Calculation of displacement components

When a force is applied to the sensor and the dielectric is deformed, the capacitance

changes due to change of the distance between upper and lower electrodes. The

amount of capacitance change is different for each capacitor under a loaded condition

applied to the sensor. The capacitance value C at a capacitor is defined as (1).

C ¼ ε0εrS=d; ð1Þ



Figure 2 Structure and coordinate system of the newly developed sensor. A. Overall view. B and D.
Top view. C and E. Side view. B and C. Images of the 10 mm square sensor (a = 2.75 mm). D and E.
Images of the 20 mm square sensor (a = 5 mm).
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where ε0 is the permittivity of vacuum, εr is the relative permittivity of the dielectric

material, S is the area of the parallel plate electrode, and d is the distance between the

upper and lower electrodes and can be calculated by C.

The center point of one upper electrode (x, y, z) is determined using three C values.

When the lower electrode center point (α, β, γ) is defined as the center of a sphere, the

equation of a sphere with radius d is denoted as (2).



Table 1 Displacement and force/torque ranges of the 10 mm square sensor in each
direction

Direction Displacement range Force/torque detection range

Min Max Unit Min Max Unit

X −3 3 mm −0.5 0.5 N

Y −3 3 mm −0.5 0.5 N

Z 0 3 mm 0 1.5 N

ΘZ −30 30 degree −1.5 1.5 N·mm
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x� αð Þ2 þ y� βð Þ2 þ z � γð Þ2 ¼ d2: ð2Þ

The intersection of three spherical surfaces means the position of an upper electrode.

For example, the center point PA is calculated from three capacitances in AA’, AB’, and

AC’ (Figure 3). PB, PC, and PD can be calculated by the same method. The averaged

positions of x, y, and z in PA, PB, PC, and PD denote the center point of the upper sub-

strate. The displacements X and Y are the difference in position of the center point of

the upper substrate between loaded and unloaded conditions. Displacement Z is the

difference between initial thickness of the sensor and the averaged position of z in PA,

PB, PC and PD. If either one substrate has a lean against the other substrate, calculated

z differs among each upper electrode. Therefore, it was assumed that the upper sub-

strate is parallel to the lower substrate by averaging of z of four upper electrodes. Yaw

angle ΘZ is determined by using a rotation matrix as shown in (3).

x2
y2
z2

0
@

1
A ¼

cosΘZ � sinΘZ 0
sinΘZ cosΘZ 0
0 0 1

0
@

1
A

x1
y1
z1

0
@

1
A; ð3Þ

where (x1, y1, z1) is the position of the electrode center point before rotation and

(x2, y2, z2) is the position of the electrode center point after rotation. Roll and pitch

angles were also detected by the same solution method.

Calculation of force and torque components

Firstly, the normal and shear strains ε, γx and γy are obtained from the displacements

Z, X and Y, respectively. Secondly, the normal and shear stresses σ, τx and τy can be cal-

culated by Hooke’s law using the normal and shear strains and are denoted as σ = Eε,

τx = Gγx, and τy = Gγy. E is the elastic modulus and G is the modulus of rigidity. The

normal and shear forces FZ, FX and FY applied to the sensor were calculated from the

stresses σ, τx and τy as (4). The torsion moment as yaw torque TZ is defined as (5).
Table 2 Displacement and force/torque ranges of the 20 mm square sensor in each
direction

Direction Displacement range Force/torque detection range

Min Max Unit Min Max Unit

X −2 2 mm −2.9 2.9 N

Y −2 2 mm −2.9 2.9 N

Z 0 2 mm 0 8.7 N

ΘZ −10 10 degree −16.8 16.8 N·mm



Figure 3 Method for detecting position of the upper electrode A.
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FZ ¼ σA; FX ¼ τxA; FY ¼ τyA; ð4Þ

TZ ¼ GIpΘZ=l; ð5Þ

where A is the cross-sectional area of the pressure direction, l is the length of the sensor

in the pressure axis under an unloaded condition and Ip is the second moment in a rect-

angular section. Ip was calculated from WD(W2 + D2)/12. W is width and D is depth of

the rectangular section [14].

Methods
Sensor design and fabrication

The sensor was constructed from a cubic dielectric (silicone gel, approximately

10 mm×10 mm×5 mm and 20 mm×20 mm×5 mm) and upper and lower substrates. In

an unloaded condition, the initial distance between upper and lower electrodes in AA’, BB’,

CC’ and DD’ was d = 5 mm. The electrode pattern of the substrate was formulated as

shown in Figure 4A (10 mm square sensor) and C (20 mm square sensor). The substrates
Figure 4 Electrode pattern of electrodes and electrode lines on FPCB and fabricated sensor.
A. Electrode pattern of the 10 mm square sensor. B. Fabricated sensor of the 10 mm square sensor.
C. Electrode pattern of the 20 mm square sensor.
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(about 10 mm×10 mm and 20 mm×20 mm) are each constructed from four electrodes

(copper), ground area, and five lines. Electrodes are 3.5 mm×3.5 mm in the 10 mm square

sensor and 7 mm×7 mm in the 20 mm square sensor. More detailed dimensions are

shown in Figure 2. Four lines were connected to each electrode and one line was con-

nected to the ground area. The pattern was exposed on FPCB (Sunhayato, 1K, Japan).

Then the substrate was formed by etching. The lines on the substrates were connected to

four core shielded cables for reduction of power noise (approximately 400 mm in the

10 mm square sensor and 300 mm in the 20 mm square sensor). The gel and two sub-

strates were bonded with double-sided tape that had silicone and acrylic pressure-

sensitive adhesive. The thickness of the double-sided tape is 0.085 mm. Figure 4B shows

the fabricated 10 mm square sensor. Each sensor was positioned between the skin and

mattress and was used for the measurement at the heel and elbow by the 10 mm square

sensor and at the skin under the sacrum and ischium by the 20 mm square sensor. These

regions are common sites of pressure ulcers in dorsal and sitting positions.

Silicone gel as a dielectric material was used in consideration of the utilization pur-

pose, i.e., measurement of force applied to the skin surface. Therefore, we defined the

standard of the pressure range to be 200 mmHg (about 26.6 kPa), which is the standard

pressure in a seated position. The elastic modulus E, creep modulus RC, and compres-

sion set CS of the gel were measured on the basis of JIS K 6254, JIS K 6273, and JIS K

6262. The gel was cut into a 10 mm dice, and ambient temperature of the experimental

laboratory was maintained at 23 degrees C. Silicone gel was selected on the basis of

two conditions. One is that deformation of gel is strain of 50% in pressure of 200 mmHg.

The other is low RC that means a small effect in temporal alteration of strain. As a result,

the gel was selected for the fabricated sensor (E = 25.7 kPa, RC = 1.0%, and CS = 0.7%). E

of the 20 mm square sensor was measured using silicone gel of 20 mm×20 mm×5 mm and

it was E = 54.1 kPa. The rigidity modulus G was calculated to be 8.6 kPa (10 mm square

sensor) and 18.0 kPa (20 mm square sensor) by G = E / (2(1 + ν)), where v is Poisson’s ratio

that is defined as 0.5 because silicone gel was considered to be an incompressibility elastic

body. The second moment Ip was 1.67×10
–9 m4 (10 mm square sensor) and 26.7×10–9 m4

(20 mm square sensor). The relative permittivity of the gel was estimated by the characte-

ristics of measured and calculated capacitance in load of the pressure axis direction only.

The relative permittivity εr was 4.8.
Figure 5 Measurement system. A. The measurement system was constructed from multi-axis stages, an
LCR meter and a universal tester. B. Photograph of capacitance measurement.
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Experimental system

The capacitance was measured using a measurement system (Figure 5). The system

was constructed from multi-axis stages (XYZθαβ axis stages, SIGMA KOKI), an LCR

meter (KC-567, KOKUYO ELECTRIC), and a universal tester (TENSILON, RTE-1210,

ORIENTEC). The measurement conditions were voltage source of AC1V, measuring

frequency of 100 kHz and measurement time of 896 msec. Displacements as forces of

four DOF were applied to the lower surface of the sensor by the multi-axis stages.

The capacitance changes of sixteen combinations of upper and lower electrodes

were measured by the LCR meter. The standard normal force was measured by

the universal tester.

Results
Capacitance characteristics

Theoretical capacitance was calculated by (1) when relative permittivity εr is 4.8 and

electrode area S is 3.5 mm×3.5 mm (10 mm square sensor) and 7 mm×7 mm (20 mm

square sensor). Theoretical d was defined as (6) from the displacement of four DOF.

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2
x þ d2

y þ d2
z

q
; ð6Þ

where dx = rcos’ – (X + rcos’ ’), dy = rsin’ – (Y + rsin’’), and dz = 5 – Z. r is the dis-

tance between the origin O and the center point of the lower electrode and is a

constant value (Figure 2B, D). a is 2.75 mm in the 10 mm square sensor and 5 mm in

the 20 mm square sensor. ’’ is the position angle of the electrode in a loaded condition

’’ = ’ + ΘZ. We defined groups of combinations of upper and lower electrodes as FEC

(facing electrode combination: AA’, BB’, CC’, and DD’), DEC (diagonal electrode

combination: AC’, BD’, CA’, and DB’), and OEC (other electrode combination).

In the measurement of capacitance characteristics of the 10 mm square sensor, dis-

placements of the four DOF varied within the ranges shown in Table 1, and the steps

were 0.4 mm, 0.4 mm, 0.2 mm and 3 degrees in X, Y, Z and ΘZ directions, respectively.

Capacitances at displacements X and Y = 0 mm were also measured along with the

above measured points. Z was 1 mm and the other two displacements were constant

values of zero in the conditions of varied X, Y, and ΘZ. The measurement was repeated

three times in each displacement condition. The coefficient of variation was calculated

by standard deviation in the measurement of three times. The averaged value of the coeffi-

cients of variation through all measured points was 3.23%. In the 20 mm square sensor, the

measured point was 625 at combinations of four DOF displacements X = −2, –1, 0, 1,
2 mm,Y = −2, –1, 0, 1, 2 mm, Z = 0.5, 0.8, 1.2, 1.6, 2.0 mm, and ΘZ = −10, –5, 0, 5, 10, and
measurement was carried out only once at each point. The measured capacitance was cor-

rected by linear approximation for adjustment of gain and offset using the theoretical capa-

citance. The corrected point was three in the condition of varied Z. The corrected points

in the conditions of varied X,Y and ΘZ directions were three points to positive and negative

domains, respectively. In the measurement of capacitances in sixteen capacitors, it was

confirmed that the sensor had capacitance characteristics that enabled the correction by

linear approximation for adjustment of gain and offset only. However, the method cannot

correct displacement within a measurement range without the measured point. Therefore,

a different method should be used for the estimation of displacements in arbitrary points
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without calibration points as shown in the section “Discussion, Capacitance characteristics

of the 10 mm square sensor”. Figure 6 shows the characteristics of theoretical and cor-

rected capacitances in the 10 mm square sensor. The horizontal axis is the varied displace-

ment of each direction and the vertical axis is the capacitance. The lines are theoretical

values and dots are corrected values. The dots were described by the upper electrode.

The figure on the right side of the characteristic graph shows the positional relation of

combinations of upper and lower electrodes.
Calculation of force and torque components

Displacements in the measured points were estimated by the corrected capacitance,

and the force and torque components were calculated by (4) and (5). Figure 7 shows

the results of calculated forces and torque corresponding to the measured points in the

10 mm square sensor. The horizontal axis is the varied displacement of each direction

and the vertical axis is the forces and torque of four components. Calculated forces and

torque were compared with theoretical values calculated by displacement condition

and standard normal force by an universal tester. The measured values by the universal

tester were converted by constant elastic modulus when strains were 20% (10 mm

square sensor) and 25% (20 mm square sensor). The full scale (FS) error of each force/

torque component was calculated by (estimated value – theoretical value) / FS range.

Tables 1 and 2 shows FS ranges in each displacement of the 10 and 20 mm square sen-

sors. Table 3 shows FS error of force/torque estimation in the 20 mm square sensor.

Column 1 shows maximum values in each force/torque component. The averaged value

(column 2) was calculated in each direction of 625 points. Table 4 shows a part of
Figure 6 Characteristics of theoretical and corrected capacitances in each displacement condition
(10 mm square sensor). A. Varied displacement X. B. Varied displacement Y. C. Varied displacement Z.
D. Varied angle ΘZ.



Figure 7 Characteristics of theoretical and calculated force and torque components in each
displacement condition (10 mm square sensor). A. Varied displacement X. B. Varied displacement Y.
C. Varied displacement Z. D. Varied angle ΘZ.
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results in Table 3 and shows calculated and theoretical force/torque in five displacement

conditions in addition to FS error.

Discussion
Capacitance characteristics of the 10 mm square sensor

In the X direction (Figure 6A), the shape could be divided into three types, named convex,

increasing, and decreasing types. The convex type had the maximum value at X = 0 mm

and was observed in the characteristics of FEC and OEC (AD’, BC’, CB’, DA’). The increa-

sing type increased with increasing X and was observed in the characteristics of OEC (AB’,

DC’) and DEC (AC’, DB’). The decreasing type decreased with increasing X and was

observed in the characteristics of OEC (BA’, CD’) and DEC (BD’, CA’). The difference of

capacitance value in the same type was derived from the difference of initial distance in

the combination of upper and lower electrodes. In the point of X = −0.2 mm of FEC (AA’,

BB’) (arrow in Figure 6A), the corrected value was temporarily diminished by a shift of
Table 3 FS error of forces and torque estimation in the 20 mm square sensor

Direction FS error (Unit:%)

Maximum value Average value

X 4.1 1.1

Y 6.3 1.8

Z 14.1 1.8

ΘZ 16.4 3.9



Table 4 Five conditions in FS error and forces and torque of Table 3

Direction Condition Unit

1 2 3 4 5

Displacement X 2 1 0 −1 −2 mm

Y −2 −1 0 1 2 mm

Z 2 1.6 1.2 0.8 0.5 mm

ΘZ −10 −5 0 5 10 degree

Calculated X 2.9 1.4 −0.1 −1.5 −3.0 N

force/torque Y −3.0 −1.3 0.0 1.2 2.8 N

Z 8.9 7.1 5.0 3.6 2.2 N

ΘZ −17.5 −7.3 0.7 7.8 16.2 N·m

Theoretical X 2.9 1.4 0.0 −1.4 −2.9 N

force/torque Y −2.9 −1.4 0.0 1.4 2.9 N

Z 8.7 6.9 5.2 3.5 2.2 N

ΘZ −16.8 −8.4 0.0 8.4 16.8 N·m

FS error X 0.6 0.6 2.1 0.7 1.5 %

Y 1.5 1.7 0.0 3.6 1.0 %

Z 3.0 2.5 2.1 1.7 0.2 %

ΘZ 2.2 3.4 2.2 1.7 1.8 %
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the maximum value to the negative domain. The shift arose from the position gap

between silicone gel and the substrate in the process of assembling the sensor.

In the Y direction (Figure 6B), the types of shape were the same as those in the

X direction. The convex type had the maximum value at Y = 0 mm and was

observed in the characteristics of FEC and OEC (AB’, BA’, CD’, DC’). The increasing

type increased with increasing Y and was observed in the characteristics of OEC

(AD’, BC’) and DEC (AC’, BD’). The decreasing type decreased with increasing Y

and was observed in the characteristics of OEC (CB’, DA’) and DEC (CA’, DB’). The

shape and amount of capacitance in the Y direction (Figure 6B) were similar to the shape

and amount in the X direction (Figure 6A). The line capacitance which occurred in upper

and lower electrode lines was involved in the measured capacitance. The line capacitance

in the Y direction was different from the line capacitance in the X direction because the

electrode substrate had a different pattern for each axis (Figure 4A). When displacement

Y was applied to the sensor, the line capacitance between the electrode lines correspon-

ding to the combination of upper and lower electrodes varied according to the amount of

the displacement Y. At the arrows in Figure 6B, there was a temporary increase in the

corrected capacitances for the effect of the line capacitance between the electrode lines.

In BD’, the lower electrode and line D’ moved toward the upper electrode and line B with

increasing Y. When the distance between lines B and D’ is least in varied Y, the

line capacitance has a maximum value.

In the Z direction (Figure 6C), the capacitances of all combinations of upper and

lower electrodes increased exponentially with increasing Z because of the decreasing of

d. The corrected value was nearly identical to the theoretical value.

In the ΘZ direction (Figure 6D), the shape could be divided into four types, named

convex, concave, increasing, and decreasing types. The convex and concave types had
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maximum and minimum values at ΘZ = 0 degrees and were observed in the characte-

ristics of FEC and DEC. The increasing type increased with increasing ΘZ and was

observed in the characteristics of OEC (AD’, BA’, CB’, DC’). The decreasing type

decreased with increasing ΘZ and was observed in the characteristics of OEC (AB’, BC’,

CD’, DA’). The amount of d change generated by the varied ΘZ was the smallest in the

amounts of d change generated by all varied displacement components. The combina-

tions of FEC only had an overlap area of paired electrodes. Proximity of paired electro-

des occurred in other combinations that had no overlap area of paired electrodes. In

the methods for calculation of displacement and the calculation of theoretical capaci-

tance, upper and lower electrodes were assumed to be parallel plate type in distance be-

tween center points of the paired electrodes. Therefore, measured value contains small

error derived from the supposition. And, main factor causing change of capacitance

was the occurrence of overlap area and proximity of paired electrodes. In addition,

the overlapping effect of the paired electrode line arose at a small yaw angle in all

combinations without FEC. For example, an overlapping effect occurred at yaw

angle of approximately 7 degree in AD’. The electrode lines of the 10 mm square

sensor were connected in ground G, D (D’), C (C’), B (B’), and A (A’) from the left

side. The occurrence of proximity of paired electrodes and overlapping of the

paired line was divided into the following four patterns.

(i) Proximity of upper and lower electrodes and proximity of upper and lower
electrode lines.
(ii) Proximity of upper and lower electrodes and withdrawal of upper and lower
electrode lines.
(iii) Withdrawal of upper and lower electrodes and proximity of upper and lower
electrode lines.
(iv) Withdrawal of upper and lower electrodes and withdrawal of upper and lower
electrode lines.
Figure 8 shows an example in FEC(AA’), OEC(AB’), DEC(AC’) and OEC (AD’).

The lower substrate moved with varying yaw angle in the same measurement con-

dition. The behaviors in positive/negative domains of ΘZ were applicable to (iv)/

(iv) in AA’, (iii)/(ii) in AB’, (i)/(ii) in AC’ and (i)/(iv) in AD’. All combinations of

paired electrodes coincided with any pattern. Therefore, by the overlapping effect,

the measured curve of capacitance had a different tendency than that of the theo-

retical curve. The measured capacitance was corrected by linear approximation for

adjustment of gain and offset. The corrected points in varied X, Y and ΘZ were

three points in positive and negative domains, respectively. The amount of line

capacitance in each region of displacement is different because of difference in

displacement points of maximum line capacitance.

An overlapping effect of lines occurred in the Y and ΘZ directions. It was thought

that capacitance varied in the paired line and the shielded cables connecting the line

and LCR meter. Thus, it is important to prevent line capacitance such as the back side

ground of the substrate and the shielding of paired electrode lines.

When the measured value includes a nonlinear error, it is necessary for the estimation

of displacements in arbitrary points to understand the relation between the displacement



Figure 8 Movement of paired electrodes and lines (10 mm square sensor). A. FEC (AA’). B. OEC (AB’)
C. DEC (AC’). D. OEC (AD’).
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and the measured capacitance including the error. In this study, displacements were

calculated by the equations of a sphere. However, it is difficult to estimate displacements

of arbitrary points by this calculation method because the amount of correction has to be

determined for obtaining appropriate capacitance in advance. We have therefore deve-

loped an iterative calculation method that can be used to estimate displacements of

arbitrary points in the allowable range of the sensor because the relation of capacitance

and displacements in arbitrary points without calibration points was interpolated using

measured input–output characteristics. Each displacement is estimated in series within 25

steps of iteration.
Calculation of force and torque components of the 10 mm square sensor

The standard force measured by a universal tester and the measured value was con-

verted in E = 25.7 kPa. The standard force was approximately 1.5 N in the condition of

Z = 3 mm. E was obtained in a test of silicone gel (“Methods, Sensor design and fabri-

cation”) and it was calculated in the strain of 20%. The calculated normal force FZ in

the same condition was also about 1.5 N (Figure 7C). Therefore, it was thought that

the calculated force was appropriate. The FS error was calculated from the absolute

error between estimated and theoretical values of force and torque components. FS of

force/torque is shown in Table 1. FS error in Figure 7 was the maximum value in force

and torque components of each varied displacement. The range of maximum FS errors

was 0.4-10.1%. The FS error increased at the measured point affected by the position
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gap between the substrates and the overlapping of lines corresponding to the paired

electrodes. The error ratios in the force and torque calculation were equal to those in

the displacement calculation because the force and torque are proportional to the

strain as shown in the section “Sensor theory, Calculation of force and torque compo-

nents”. In this result, standard normal force was converted in a constant elastic modu-

lus. Actually, however, normal force varies with increasing displacement Z in a

nonlinear fashion for change in stiffness. An iterative calculation method for estimation

of force enables estimation of force that has a nonlinear characteristic in a manner

similar to the iterative calculation method of displacements.

Calculation of force and torque components of the 20 mm square sensor

A new sensor of different size (cross sectional area of 20 mm square) was developed and

the capacitance was measured in four DOF displacements. As shown in Figure 4C, we

improved the electrode pattern and grounding means of electrode lines in consideration

of the overlapping effect in the results obtained for the 10 mm square sensor. The upper

and lower electrode lines in the 20 mm square sensor were not facing each other, and the

electrode line connected to the ground area was placed in the middle. The electrode lines

were connected in D (D’), C (C’), ground G, B (B’), and A (A’) from the left side. The elec-

trode lines were shrouded in pressure-sensitive adhesive tape for electrical insulation

(Kempton tape, P-221, Permacel) and a stainless plate connected to ground was located

between the upper and lower electrode lines. Figure 9 shows the overlapping effects of

AA’ and AD’ in the 10 and 20 mm square sensors. The horizontal axis is the varied yaw
Figure 9 Overlapping effect of paired electrode line in capacitance characteristics. A. AA’ of the
10 mm square sensor. B. AD’ of the 10 mm square sensor. C. AA’ of the 20 mm square sensor. D. AD’ of
the 20 mm square sensor.
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angle and the vertical axis is the capacitance change that is differential value at the value

of ΘZ = 0 degree. Gaps of peaks in AA’ were derived from the position gap of the upper

and lower substrates in the process of the assembling the sensor. In AD’ of the 10 mm

square sensor, the capacitance curve in the positive domain of yaw angle was decreased

compared to the theoretical value for withdrawal of electrode lines A and D’. The overlap-

ping condition of the lines occurred in approximately 3 degree. In AD’ of the 20 mm

square sensor, the line effect was diminished by the improvement. The displacements and

forces were calculated in the same way as that for the 10 mm square sensor.

In estimation in force/torque of four DOF, as shown in Table 3, maximum FS errors

through 625 measured points were 4.1%, 6.3%, 14.1% and 16.4% in X, Y, Z and ΘZ, and

average errors were 1.1%, 1.8%, 1.8% and 3.9%. Although the overlapping effect of line

capacitance was remedied by improvement of the electrode pattern and grounding

means of electrode lines, position gap of upper and lower electrodes occured. Most of

the calculated normal forces in the condition of Z = 2 mm were approximately 8.6 N.

The standard normal force that was converted in E = 54.1 kPa was 9.4 N in the condi-

tion of Z = 2 mm. E was newly measured using silicone gel of 20 mm×20 mm×5 mm

and it was calculated in the strain of 25% of silicone gel. In the 20 mm square sensor,

stiffness of the silicone gel was greater than that in the 10 mm square sensor. There-

fore, the range of detection of yaw angle in the 20 mm square sensor was narrower

than that in the 10 mm square sensor. In real measurements for subjects, motion of

subjects at high risk for pressure ulcers is decreased by restraint of spontaneous move-

ment. Thus, it is considered that the yaw angle range of the 20 mm square sensor was

sufficient to measure rotation applied to skin. Table 4 shows examples in Table 3. We

considered the accuracy to be within an acceptable range.
Sensor configuration and materials for real measurement

The sensor deforms along skin surface of the subject because of flexibility of upper and

lower substrates. To prevent the deformation of upper and lower substrates, thin and

stiff plates are affixed on the substrates for homogenization of applied force. If one

substrate is tilted to the other substrate, the measured value includes the effects of

pitch and roll torques. In this situation, upper and lower electrodes are assumed to be

parallel plate type in distance between center points of the paired electrodes in the

method for calculation of displacement. The developed sensor enables detection of

torque components TX and TY. However, because the developed sensor does not have

the ability for detection of pitch and roll torques, the measurement in the situation

should be avoided. Therefore, it is important to arrange an appropriate surface on a

bony prominence and to confine motion of the subject during measurement.

Appropriate selection of materials is important for mitigation of error generated by

different materials and consideration for the subject [9]. The creep of silicone gel was

tested to select an appropriate material for measurement of force applied to the skin

surface. The selection of silicone gel was determined on the basis of appropriate E and

RC. Double-sided tape was selected on the basis of flatness, thin thickness and adhesion

strength. The thickness of the double-sided tape was 0.085 mm. The adhesion strength

was good when shear displacements and yaw angle were applied to the sensor. In fact,

the developed sensor is different from the theoretical condition for a stacked material
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(silicone gel, double-sided tape and flexible substrate). We considered that the change

in structural stiffness by double-sided tape and substrate is small because these mate-

rials were thin. However, the capacitance is affected according to the change in thickness

of double-sided tape. And, the developed sensor is covered by a protective material such as

a polyurethane film after thin and stiff plates are established in upper and lower substrates.

An appropriate protective material needs to have the ability of flexibility for detection of

yaw angle. The protection may have an undesirable influence on the detection range

of detection of displacements.

An error may be observed by motion artifact during measurement for one condition.

It is possible to diminish the effect by averaging of several measured points in the same

condition. The signal processing circuit for real measurement is still in the trial phase.

Time constant and delay in measurement are determined by the circuit and developed

sensor. In the displacement estimation method under development, the number of

iterations in a calculation for one condition was 25. It is considered to be a sufficiently

short time. However, if several measured points in the same condition are measured

for decreasing the effect of motion artifact, the time for total measurement is extended.

In real measurement, the sensor is arranged on mattress before the subject take target

body position. Then, force/torque is measured in appropriate surface on bony promi-

nence. A sequence of actions may be a heavy work for the subject. And, nonrestraint

during measurement is desirable for the subject as indicated by [15]. However, the motion

of the subject is limited during measurement in our sensor.
Conclusions
The goal of our study was to develop a novel capacitive force sensor that enables simultan-

eous measurements of yaw torque around the pressure axis and normal force and two

orthogonal shear forces for the purpose of elucidation of pressure ulcer pathogenesis and

establishment of criteria for selection of cushions and mattresses. In this paper, we

described the fabrication of and measurement using a prototype sensor and the validity of

forces calculated by a method for estimation based on the sensor structure. Two types of

prototype sensors were constructed from cubic silicone gel (10 mm×10 mm×5 mm and

20 mm×20 mm×5 mm) as a dielectric material and four upper and lower electrodes

(3.5 mm×3.5 mm and 7 mm×7 mm) which were established at two electrode substrates of

FPCB, respectively. There are sixteen combinations of upper and lower electrodes, and the

paired electrode have the function of a capacitive parallel plate type for the detection of

force and torque components. Capacitances of sixteen capacitors were measured in the dis-

placement ranges of 0–3 mm, –3-3 mm and −30-30 degrees (10 mm square sensor) and

0–2 mm, –2-2 mm and −10-10 degrees (20 mm square sensor) in pressure direction, shear

directions and rotation direction around the pressure axis instead of forces and torque of

0–1.5 N, –0.5-0.5 N and −1.5-1.5 N mm (10 mm square sensor) and 0–8.7 N, –2.9-2.9 N

and −16.8-16.8 N mm (20 mm square sensor) in normal force, shear forces and yaw

torque, respectively. The force and torque components at the measured capacitance point

were calculated by corrected capacitance. The calculated normal force was equal to the

theoretical value and standard normal force measured by a universal tester (1.5 N) in the

condition of Z = 3 mm (10 mm square sensor). In the 20 mm square sensor, the calculated

normal force was 8.6 N, theoretical normal force was 8.7 N and standard normal force was
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9.4 N in the condition of Z = 2 mm. Therefore, it was thought that the calculated force

was appropriate. The repeatability was 3.23% in all capacitance measurements in the

10 mm square sensor. The FS errors of force and torque components calculated according

to the corrected capacitances were less than or equal to 10.1% and 16.4% in the 10 and

20 mm square sensors, respectively. We considered accuracy to be within an acceptable

range. As a future work, improvements to the appropriate ground procedure and the pos-

ition gap in fabrication of the sensor will be made. Furthermore, the newly developed sen-

sor has a structure that enables detection of roll and pitch torque components around the

orthogonal axis. We have developed an iterative calculation method corresponding to the

multi DOF to directly estimate displacement from the measured value including an error.
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