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A B S T R A C T   

In this paper a measurement tool is described and tested to evaluate the characteristics of different elements of a 
seat. Many studies report a relationship between discomfort and pressure distribution, but it is unknown what 
exactly is happening in the interaction. The purpose of this study is to present a measuring device, which records 
the comfort relevant seat parameters pressure and elongation while loading a seat. The results of the study, 
including the repeatability, reproducibility and detectability show that the measurement method is appropriate 
for our purpose, although the reproducibility has to be improved by operator experience or by a more intuitive 
assembling of the measurement setup. An application example illustrates that the interaction of the seat com-
ponents highly affect the resulting comfort relevant parameters. The question is whether this objectively 
recorded differences are also experienced by seat occupants, which is interesting to study in future research.   

1. Introduction 

The European Union and the European Free Trading Association- 
States together have a population of 520.582.413 (Eurostat, 2017; Eu-
ropean Free Trading Association, 2015) individuals and about 
259.834.000 (Jurado, 2014) vehicles in use. Statistically, nearly one out 
of two persons own a vehicle irrespective of whether they have a driver’s 
license or not. Therefore, it is obvious that the automobile is an essential 
part of our everyday life. The results of the Market Research Institute: 
Consumer Science & Analytics with the title “OUR LIVES INSIDE CARS” 
underlines the rising importance of vehicles as a daily companion. On 
average, a person spends four years and one month in a vehicle during 
their lifetime (CSA Research, 2017), most of the time sitting causing a 
static load on the musculoskeletal system. In the future, autonomous 
driving opens opportunities to use this travel time in a more efficient 
way and facilitate variation in postures. Hence, it is important for the car 
manufacturers to emphasize the role of a comfortable, adaptable and 
pleasant car interior with a special focus on the seat as the main interface 
between human and vehicle. The challenge for seat design is to develop 
an ergonomic and comfortable product, avoiding discomfort in the seat 
interaction zone and facilitate a variety of postures. 

The interaction between the human and the seat is influenced by the 
indentation process and the way the occupant behaves after indentation. 

There is a lot of literature on the subjective experience of this interaction 
zone (De Looze et al., 2003). The objective seat comfort evaluation is 
more complex as comfort experience is in principle a subjective expe-
rience (Vink and Hallbeck, 2012) and the meaning of objective recorded 
parameters for the comfort experience is often unclear. However, there 
could be seat characteristics which have a strong relationship with the 
subjective experience of comfort and more knowledge on the seat 
characteristics could be helpful in designing and testing seats. The 
complexity is caused by the fact that there are many seat characteristics 
and only one comfort or discomfort experience. The specific properties 
of the seated individual, the seat and the changes over time increase the 
complexity even further. To simplify the time aspect, some authors 
divide the evaluation of the seat into three time dependent sub-
categories: the initial, the short-term and the long-term comfort. Mergl 
(2006) defined the initial comfort as the first 3 min, the short term 
comfort up to 30 min and long term comfort starts after 30 min. Sam-
monds (2017) stated that in a static situation, in 140 min the number of 
seat-movements rise as well as the discomfort scores. Furthermore, 
Adler (2007) found that the long-term seating comfort is directly related 
to system stress by measuring the stress-induced postural modifications 
of the sitting person. Likewise, Hartung (2006) investigated the 
time-dependency of the subjective seat comfort evaluation. The 
discomfort feeling was significantly higher (p < 0.05) after 135 min 
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compared to an evaluation after 15 min. Other authors also illustrated 
the time-dependency of the interaction zone (Smulders et al., 2016). 

The seat usually consists of different components influencing the 
interaction zone. It is assumed that car manufacturers usually specify the 
components separately, though an overall specification of the seat 
describing the interaction of the combination of components is much 
more relevant as this is what the end user will experience. A seat can 
consist of the seat-frame, the adjustment systems of the seat, the foam 
hardness and dimensions, the cover materials with different tensions 
and friction coefficients as well as the different layers, the lamination, 
the heating system, the resistant layers and the cushion-suspension. 
These systems are often well tested individually, like the foam, which 
is characterized objectively with a test defined in DIN 53579 (2005). The 
factor making it complex is the non-linear behavior of certain compo-
nents, such as the viscoelasticity of the foam (Gibson and Ashby, 2001). 
Additionally, it is unknown how the subsystems interact with each other 
and subsequently influences the total comfort perception. 

The perceived comfort is not only influenced by the seat character-
istics, but also by psychological factors such as the expectations, phys-
ical state and physical factors of the human body (Vink and Hallbeck, 
2012). The human body influences the seat interaction by its individual 
weight, shape, anthropometric dimensions, gender and sitting position 
(Kilincsoy et al., 2014; van Veen, 2014; Vink, 2012). The reaction of the 
seat components during the indentation could deform the human skin 
and the underlying tissue, also affecting the blood flow, musculoskeletal 
system and tissues. Systems in the human body could react and amongst 
these the mechanoreceptors in the skin record the changes in the 
stressed surface and send the information to the brain (Diesing, 2006) 
influencing interpretation and evaluation of the seat comfort. Other 
systems, like propriocepsis could be influenced as well. The literature 
mentions four receptors in the skin (Schmidt and Thews, 1980), the 
Merkel disks for the pressure, the Ruffini corpuscles for the stretch and 
shear stresses, the Pacinian corpuscles for vibration and the Meissner’s 
corpuscles, primarily providing information about tactile and sensitive 
changes. The Merkel disks and the Ruffini corpuscles are slowly adapt-
ing cutaneous mechanoreceptors. The Meissner corpuscles and the 
Pacinian corpuscles adapt comparatively in a slow manner (Klinke and 
Brenner, 2014). The sensors in ligaments and muscles gather informa-
tion and form the proprioceptive input. For the comfort evaluation the 
slowly adapting mechanoreceptors are probably more critical than the 
fast adapting mechanoreceptors (Goossens et al., 2005). Therefore, the 
parameters in the interaction zone, which might be very relevant are the 
pressure, the elongation, the shear stress and the friction coefficient. 
Depending on the age or gender, the sensitivity and the signal power 
changes. In addition, Hartung (2006) described that gender has a big 
influence on the comfort evaluation and Venkatesan et al. (2015) 
mentioned that the physical structure in the skin changes with age 
affecting the skin sensitivity. Furthermore, the location in the human 
body shows variation in sensitivity (Vink and Lips, 2017). 

Most of the seat comfort studies focus on the foam characteristics, the 
seat dimensions or seat-adjustments and the correlation to the subjective 
seat discomfort evaluation as well as to the seat pressure distribution 
(probably related to Meissner corpuscles). The studies of Ebe and Griffin 
(2000, 2001) use various cushions with different foam heights (50 mm, 
70 mm, 100 mm, and 120 mm), hardness and densities to investigate the 
difference between the static and the dynamic seat comfort. Addition-
ally, Kamp (2012) uses the contour and foam hardness in her experiment 
to describe how the geometrical characteristics of the seat influence the 
perception of a seat (sporty, luxurious and practical) and Kolich (2003) 
focuses on the contour and the geometrical parameter of a cushion. All 
the studies are based on subjective evaluations. Moreover, De Looze 
et al. (2003) discussed different studies and pointed out that most of 
them described a correlation between pressure and discomfort, pre-
dominantly with a limitation on special body parts. Zenk et al. (2006) 
and Kilinscoy et al. (2016) worked out general guidelines for an ideal 
seat pressure distribution. Zenk et al. (2006) presents guidelines 

recommending a pressure distribution in the cushion of 49%–57% in the 
buttock, <28% in femur area next to the buttock and <6% on the front 
femur area. Mergl (2006) also reported that the pressure distribution in 
the cushion influence the pressure distribution in the backrest and vice 
versa. Vink and Lips (2017) confirmed the results of the previous studies 
by studying sensitivity and described a higher sensitivity in the shoul-
ders and at the front of the seat cushion. Less sensitivity was found in the 
middle area of the back close to the spine. All in all, the methodology to 
objectifying the seat characteristics is reduced to the evaluation of 
various foam properties, seat contours and the relation to individual 
pressure distributions. The interaction of the seat components and 
remaining mechanoreceptors of the skin are not taken into account. The 
individual pressure distribution is recorded with a pressure mat, which 
influences the seat properties itself (e.g. surface and stiffness of a seat) 
and thus, the results of the pressure measurement. A reproducible 
recording of the seat pressure distribution is only possible with an 
anthropometric test device and a pressure distribution mat. 

To our knowledge no study considers the interaction of the various 
seat components and the changing properties while loading the seat. The 
cover characteristics and the cushion suspension caused by the foam 
might cause of a different effect than predicted by the foam alone. For 
instance, in most cases the cover is connected to the foam and the seat- 
frame. If the cover is stretchable and loosely connected, the foam 
characteristics could be more predominant as the foam is able to 
perform in a wide scope. In contrast, a stiff cover tightly connected to the 
foam could limit the foam deformation influencing its performance. 
Additionally, the comfort of a seat might not only be dependent on the 
foam and the cover, but also by the seat dimensions, seat adjustment and 
other seat components such as the seat suspension. 

There are indications that shear force could influence comfort 
perception. In the field of decubitus (Diesing, 2006), especially in the 
wheelchair development (Goossens, 2001) studies show that shear stress 
on the human body influenced seat comfort. In the past, the effects of 
pressure and shear stress on the human body were studied in-depth. 
Bennet and Worthen (1980) investigated in the palm of the hand that 
only half of the initial pressure is necessary to stop the blood flow if high 
shear forces are included. Additionally, Goossens (1994) measured a 
cut-off pressure of 11.6 kPa in the absence of shear stress. With a shear 
stress of 3.1 kPa he showed the cut-off pressure was significantly 
reduced to 8.7 kPa. Previous studies showed both stresses, the shear 
force and the pressure, influence the deformation of the anatomical 
structure, like the tissue and skin of a sitting person. Chow and Odell 
(1978) described the interface shear force has a significant effect on 
pressure distribution. It is underlined by the statement that the fric-
tionless interface produces much lower pressure. Furthermore, Zhang 
and Roberts (1994) mentioned that the externally applied stresses to the 
skin alter the internal stress distribution. The shear forces externally 
applied to skin surface roughly have the same effects on underlying 
tissues as normal forces (pressure). Also, the skin blood flow reduces 
with the increase of shear force (Goossens, 2000). 

Most of the studies use a small variety of seats and do not study the 
different seat components. To advise on the seat components or test the 
effect of these components in this paper it is assumed that the elongation 
(shear stress and friction coefficient) could be useful to study as well to 
make linkages with the seat components. Therefore, the elongation 
(shear force, friction coefficient) could be an important part in the 
evaluation of the seat comfort. The objective of this paper is to describe a 
measurement method, which records reproducible comfort relevant parame-
ters of a seat during the indentation process and during a static situation. This 
work outlines the advantages and the limitations of the applied method. 

First, the “Method” section presents in detail the measurement 
method, which measures parameters which might be relevant to comfort 
while loading a seat. Subsequently, to study its possibilities an appli-
cation example of the measurement method is described as well. Fol-
lowed by the declaration of the results which are analyzed and related to 
current studies in the “Discussion” part. At the end the findings are 
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concluded in a short summary. 

2. Methods 

2.1. Measurement method 

To explore the effects in the interaction zone between human and 
seat, a measurement method is developed. Fig. 1 shows the measure-
ment tool consisting of a material testing machine with a controllable 
spindle, a stamp with sensors and an adaptable measurement setup. The 
stamp is connected to a certified material testing machine, a Z005, made 
by the Zwick/Roell Company. The spindle of the machine allows an 
upward and downward movement of the stamp. A Zwick/Roell Software 
named testXpert II allows to define sequences of the test cycles. Typical 
parameters are the indentation velocity, the rest time, the force control 
and time control. The stamp simulates the initiated stress of the human 
body on the seat and the associated sensors simulate the recording of the 
skin-mechanoreceptors. On the fixing plate of the testing machine 
different seat elements and combination of seat elements can be 
mounted, such as different foams, covers or suspensions (shown in 
Fig. 2). The testXpert II Software controls the specified testing procedure 
getting information from the force sensor and the position of the spindle. 
During the increase of the load the stamp records the pressure and 
elongation signals, whereas the testing machine records the applied 
force and distance of the indentation. 

2.1.1. Stamp 
The shape of the stamp is a half sphere with a diameter of 75 mm. It 

follows the requirements of the Standard DIN 53579 (2005), which 
measures the foam hardness. The stamp, shown in Fig. 3, is equipped 
with four elongation sensors (hereafter denoted with I, II, III, IV, V) and 
five pressure sensors (hereafter denoted with 1, 2, 3, 4, 5). A micro-
controller processes the recorded sensor signals and LabView visualizes 
these signals. For the synchronization of the sensor signals, the micro-
controller processes the Zwick/Roell signals (force and the position in-
formation of the spindle) via an I/0-module. 

2.1.2. Measurement setup 
The measurement setup represents various combinations of the seat 

structure. The setup allows to use various foams with different degrees 
of hardness and heights, different cover materials with adjustable cover 
tensions as well as various seat suspensions (see Fig. 2). Furthermore, it 
is possible to integrate different laminations, layers or interfering con-
tours. The seat suspension is replaceable by a plate, which follows the 

requirements of the DIN EN ISO3386-1 (2009). The holes of the plate 
have a diameter of 6 mm and a distance of 20 mm. 

2.1.3. Guidelines for the cover fixation 
The fixation of the cover is critical because the initial tension of the 

same cover type (same material, new fixation) has to be equal for each 
new fixation. During the increase of the load the fixation has to avoid 
any cover movements. Fig. 4 shows the guidelines for each cover sample. 
The cover has a marked field to align the right position in the mea-
surement setup. The marked fields 1 to 4 in Fig. 4 are for the fixation of 
the cover. Field 1 is connected to a crankshaft to adjust the cover tension 
in 20� steps. The minimum cover tension is at the 0�-Position of the 
crankshaft and the maximum cover tension is at 120� crankshaft posi-
tion. Field 2 to 4 are fixed with cover clamp devices. The surfaces of the 
devices have a high roughness in order to be able to keep the fixation 
pressure constant. 

2.1.4. Measurement procedure 
The measurement procedure is based on the DIN 53579 (2005) and 

DIN EN ISO3386-1 (2009). The validity of the DIN requirements are 
restricted to foams and not to the overall seat layout. Therefore some 
parameters of the DIN requirements had to be adapted. The environ-
mental conditions of the specifications are unchanged with a humidity 
of (50 � 5) % and the temperature of (20 � 2) C�. Other process 
parameter of the DINs like the indentation velocity, the time of the 
holding phase and the maximum force are adjusted to ensure a suitable 
process reliability. The original specification for the measurement pro-
cedure (DIN 53579 (2005) and DIN EN ISO3386-1 (2009)) has four 
cycles consisting of three pre-cycles and one measurement cycle. Fig. 5 
shows an exemplary curve of the specified measurement force. It is the 
same for each measurement. The curve specification is divided in three 
sectors: T1 ¼ stress-phase (stamp stresses the seat layout), Thold ¼ 30 s 
holding phase (maximum stress) and T2 ¼ relief-phase (stamp reliefs the 
seat layout). The indentation velocity for the pre-cycle is for the 
stress-phase as well as for the relief-phase 300 mm/min. For the mea-
surement cycle the stress- and relief-velocity is 100 mm/min. Pre-
liminary investigations with a pressure mat (XSensor X3 LX210) on a 4 
kPa hard foam have shown that the stamp reaches the maximum 
measurable pressure of 10.34 N/cm2 at a force of 350 N. Therefore the 
predefined measurement range is 0 N–350 N and 0 N/cm2 - 10.34 
N/cm2. To avoid lasting damages in the cover materials the maximum 
force for this research is defined to 200 N. 

2.2. Capability study of the measurement method 

2.2.1. Raw data processing 
All sensors were develop by the Fraunhofer Institute (Boese et al., 

2015) recording capacities in the range of pF (picofarad). The evaluation Fig. 1. Elements of the measurement tool.  

Fig. 2. Schematical measurement setup, including the cover fixation, the foam, 
the seat suspension or plate as well as the cover height adjustment for 
various foams. 
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of repeatability, reproducibility and detectability is based on the 
recorded data during the holding phase (Thold, see Fig. 5) due to the fixed 
position of the stamp (maximum indentation). The data set content for 

each sensor and each measurement is 815–850 measurement values. To 
analyze the stress-dependency of the sensor noise floor due to the me-
chanical interaction of the integrated sensors into the stamp, the 

Fig. 3. Overview of the pressure and elongation sensors location.  

Fig. 4. Geometrical guidelines for the cover sample.  

Fig. 5. Prescribed force curve for the measurement cycles (without pre-cycles).  
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signal-to-noise-ratio (SNR) is calculated for each sensor in a stressed and 
an unstressed condition using the signal mean (μ) and the standard de-
viation of the noise (σ): 

SNR¼ μ=σ: (1) 

Each sensor has a basic capacity (unstressed capacity of the sensor in 
pF), which rises while pressing or stretching the sensors. The capacity of 
the pressure sensors converts into a pressure information by using a 
calibration curve (capacity-pressure-diagram) for each sensor. The ca-
pacity of each elongation sensors converts into an elongation informa-
tion while calculating the percentage increase of the sensor based on the 
basic capacity and the capacity measured during the load (measured 
capacity in pF). All elongation sensors have in the initial position the 
same basic capacity within the sensor specification (Boese et al., 2015): 

Elongation ½%� ¼Measured Capacity ½pF� =Basic Capacity ½pF�*100%:
(2) 

For further analysis the average elongation and pressure is calculated 
for each sensor using the 815 to 850 measurement values obtain during 
the holding phase. 

2.2.2. Repeatability 
The repeatability is the ability of a measuring instrument to provide 

the closeness of the agreement between independent results on the same 
item under identical conditions (NIST TN 1297, 1994). This means that 
the measurements are made by the same operator, with the same mea-
surement procedure using the same measurement instruments over a 
short period of time (ISO 5725-1, 1994). 

In this experiment 12 measurements are performed under the same 
conditions, following the definition of repeatability. The stressed item is 
a seat layout consisting of a commercial suspension, a foam with a 
height of 100 mm and a hardness of 4 kPa with a fabric cover stretched 
to the maximum crankshaft-position of 120�. For each of the five pres-
sure sensors (1–5) and the four elongations sensors (I-IV) the mean value 
(xsensor; 1� 12), the maximum deviation (xmax � xmin), the standard devia-
tion (ssensor; 1� 12) and the relative standard deviation (RSD ¼ ssensor;1� 12=

xsensor;1� 12) of the 12 measurements (n ¼ 12) are calculated. For the 
calculation of the confidence interval (CI) the significance level is set to 
5% (tc ¼ 1:96): 

CI¼ x� tc*s
� ffiffiffi

n
p

: (3)  

2.2.3. Reproducibility 
Reproducibility is the closeness of the agreement between the results 

of measurements obtained with the same method on identical test item 
under changed conditions (NIST TN 1297, 1994). The changing condi-
tions may be due to different measurement methods, miscellaneous in-
struments being used, different operators or measurements made over a 
certain period of time (ISO 5725-1, 1994). 

For the presented measurement method the reproducibility is 
ensured by assembling the measurement setup three times over a certain 
period of time with the same method, on the same item under the same 
conditions. The measurements are repeated three times (n ¼ 3) for each 
assembled setup. The assembled setup includes the positioning of the 
measurement setup aligned to the material testing machine and the 
stamp as well as the positioning and fixation of the seat layout compo-
nents. The seat suspension and the foam is adjusted by a mechanical stop 
and the cover is re-fixed following the guidelines described in section 
2.1.3. The stressed item is identical to the seat layout of the repeatability 
test. Out of the three recorded measurements for each pressure (1–5) and 
elongation (I-IV) sensor the maximum and percentage deviation is 
calculated as well as the mean value (x) and the standard deviation (s). 
Based on the results of the first assembling a confidence interval with a 
significance level 5% (tc ¼ 1:96) is calculated according to equation (3). 

2.2.4. Detectability 
The section “Detectability” investigates if the elongation and the 

pressure sensors detect obvious changes of the seat layout. The initial 
layout is identical to the layout applied for the repeatability and 
reproducibility test. The second seat layout is nearly the same except of 
the cover tension, which is reduced by changing the crankshaft position 
from 120� to 0�. The third layout has a leather cover material with a 
crankshaft position of 120�. All other components remain unchanged. 

2.3. Application example: the influence of seat cover and seat suspension 
on seat characteristics 

Referring to the introduction, the seat cover and the seat suspension 
could affect the seat comfort as well as foam characteristics. In order to 
study the effect the stamp is used to investigate the influence of the 
different seat components. For an analysis of the seat-layouts the foam 
hardness (4 kPa and 12 kPa), the foam height (30 mm and 100 mm), the 
cover tension (0�- crankshaft-position: “low/loosely”, 120�- crankshaft- 
position: “high/tight”) and seat suspension (plate and suspension) were 
varied (see Table 1). The foam has a constant raw density of 70 kg/m3. 
The cover is a smooth leather which is integrated in high class auto-
motive seats. The seat suspension is a standard product used in all 
common automotive seats. It is a spring steel wire (Ø 5 mm) with a 
meander shape (two wires with 3 meander). The only difference to the 
above presented method is that the maximum force for the measurement 
cycle (section 2.1.3) is set to 100 N. This is to prevent exceeding the 
elastic range of the leather material during the deformation of the 
various seat layouts. The processing of the raw data follows the pro-
cedure of section 2.2.1. Furthermore, the sensor information is pro-
cessed on specific demands of the study. The pressure information of all 
sensors are combined to a maximum pressure, measured by the pressure 
sensor 1, and a pressure distribution, calculating the ratio of the 
maximum pressure (pressure sensor 1) to the peripheral pressure (sensor 
2 – sensor 4). This study focuses on the summed elongation information 
of the sensor I and sensor II. This direction of the elongation sensors 
recognizes changes in the crankshaft-position of the measurement setup. 

3. Results 

3.1. Sensor noise floor 

Table 2 shows the average values of the unstressed and stressed ca-
pacity of each elongation sensor (see Fig. 3). These values are the base 
for the determination of the elongation by calculating the percentage 
increase of the capacity (elongation). All sensors show nearly the same 
magnitude in an unstressed condition (basic capacity). Only sensor IV 
shows a smaller standard deviation. In the stressed condition sensor I 

Table 1 
Overview of the tested seat layouts.  

Foam hardness Foam height Cover tension Suspension Test-No. 

4 kPa 30 mm 0� (low) plate 1 
suspension 2 

120� (high) plate 3 
suspension 4 

100 mm 0� (low) plate 5 
suspension 6 

120� (high) plate 7 
suspension 8 

12 kPa 30 mm 0� (low) plate 9 
suspension 10 

120� (high) plate 11 
suspension 12 

100 mm 0� (low) plate 13 
suspension 14 

120� (high) plate 15 
suspension 16  
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and sensor II (located in the direction of the same axes, see Fig. 3) have 
nearly the same value with a four hundredth deviation in the standard 
deviation. The capacities of sensor III and sensor IV deviate for the 
stressed sensors due to the properties of the cover tension and the cover 
material. Still, the standard deviation of the signals are comparable. In 
conclusion, all SNR-values indicate a very low influence of the noise 
floor. The noise floor of the pressure sensors is metrological negligible. 

3.2. Repeatability 

Table 3 considers the repeatability of the stressed elongation sensor 
signals based on 12 measurements. The pressure sensors have no 
measurable deviations. The elongation sensors I and II have the same 
absolute maximum deviation of 0.24%. The sensor signals III and IV 
have a higher absolute maximum deviation up to 0.77%. In general, the 
maximum deviation of all signal is less than 1%, the relative standard 
deviation (RSD) for all sensors is between 1.2% � 3.1%. The average 
elongation of the four elongation sensors for each of the 12 measure-
ments are constantly in the calculated sensor specific confidence interval 
(CI). 

3.3. Reproducibility 

Table 4 shows the exemplary results of the reproducibility test for the 
elongation sensor I. The results of the second and third assembling are 
compared to the reference results of the first assembling. The results of 
the first assembling are also used to calculate the confidence interval 
(CI). The range is calculated from 6.96% to 7.22%. All measurements 
results are in the confidence interval except one measurement of the first 
assembling and one measurement of the second assembling, both values 
are bold in Table 4. An addition, a noteworthy information is, the 
maximum deviation (percentage and absolute deviation) decreases with 
an increasing number of repeated assembling. 

3.4. Detectability 

The results of Table 5 show that the measurement system recognizes 
changes in the cover tension and the cover material, beyond that also the 
anisotropy of the surface materials. The exemplary results of elongation 
sensors I and II show that for the fabric material the difference between 
sensor I and II (one axis, see Fig. 3) is significantly smaller compared to 
the recorded elongation difference (between elongation sensor I and II) 
of the leather material. The results are compared for the same cover 
tension (120� crankshaft position). Additionally, the results of Table 5 
point out the anisotropy of the cover material increases with a lower 
cover tension due to the higher difference of the elongation sensor I and 
II for a lower cover tensions. 

3.5. Results of the application example 

This section presents the results of the application example defined 
in section 2.3. Table 6 shows the indications that the measurement 
system can discover differences in the behavior of the seat components 
and materials. The table compares the maximum pressure, the pressure 
distribution, the elongation and the indentation depth for different seat 
layouts at a maximum load of approximately 100 N. 

The seat suspension affects the maximum pressure only for the thin 
and soft foams. Test No. 1 and No. 3 without seat suspension show for 
thin and soft foams around 1 N/cm2 higher maximum pressure values 
than for Test No. 2 and No. 4 with a seat suspension. This may be due to 
the total compression of the foam itself. The harder and thinner the 
foams, the higher the effects of the seat suspension on the pressure 
distribution (Table 6: compare pressure distribution of Test No. 9 and 
No. 10). High and soft foams in combination with a seat suspension 
influence an even pressure distribution in a negative way (Table 6: 
compare the pressure distribution of Test No. 5 and No. 6). The sus-
pension results in all seat layouts in a higher indentation depth which 
also provokes a higher elongation, except for the seat layout with the 12 
kPa hard and 100 mm high foam with a high cover tension. In this case 
the elongation decreases. An increasing cover tension increases pre-
dominantly the maximum pressure, generates higher pressure peaks in 
pressure distribution and decreases the elongation as well as the 
indentation depth. It stands out as for the maximum pressure, the 
pressure distribution, the elongation and the indentations depth differ 
for different seat layouts with a soft foam showing a higher range of 
values than seat layouts with a hard foam. 

4. Discussion 

4.1. Capability study 

The raw data of this study show that all of the sensors have a small 
noise floor, which means the sensors are nearly independent of the load 
state. The results of the repeatability test show, that the repeated ac-
curacy of the sensors is sufficient, while all sensor values are in the 
confidence interval (CI). Thus, no measurable interaction of the sensors 
influence the results of the measurement. The results of the reproduc-
ibility test have shown, that not all measurement values, especially the 
elongation data, are in the range of the confidence interval. Simulta-
neously, the maximum deviation reduces by the amount of assemblies, 
which indicates, the operator of the measurement method needs expe-
rience in assembling the measurement setup. A more precise and intu-
itive fixation of the cover would probably decrease the maximum 
deviation to <1%. The study also has shown that the measurement 
method recognizes changes in the cover material and cover tension. In 
conclusion, based on this study the measurement method seems suffi-
cient for an objective recording of the comfort relevant parameters while 

Table 2 
Results of the unstressed and stressed elongation sensors.   

Elongation 
Sensor I 

Elongation 
Sensor II 

Elongation 
Sensor III 

Elongations 
Sensor IV 

Average value 
(unstressed) 

240.24 pF 240.24 pF 240.24 pF 240.23 pF 

Std. deviation 
(unstressed) 

0.15 pF 0.15 pF 0.15 pF 0.11 pF 

SNR 
(unstressed) 

1620 1620 1620 2107 

Average value 
(stressed) 

257.42 pF 257.08 pF 260.35 pF 256.18 pF 

Std. deviation 
(stressed) 

0.15 pF 0.11 pF 0.15 pF 0.15 pF 

SNR (stressed) 1776 2347 1797 1768  

Table 3 
Investigation of the repeatability of the sensor signal comparing the elongation 
sensor I-IV with the average elongation (in %), the absolute maximum deviation 
(in %), the standard deviation (in %) and the relative standard deviation (� ).   

Elongation 
Sensor I 

Elongation 
Sensor II 

Elongation 
Sensor III 

Elongations 
Sensor IV 

Average 
Elongation 

7.19% 6.89% 8.31% 6.47% 

Max. Deviation 
(absolute) 

0.24% 0.24% 0.77% 0.41% 

Standard 
Deviation 

0.14% 0.09% 0.20% 0.20% 

RSD (relative 
standard 
deviation) 

0.019 
(1.9%) 

0.012 
(1.2%) 

0.024 
(2.4%) 

0.031 (3.1%) 

Confidence 
Interval 

7.05%– 
7.32% 

6.83%– 
6.95% 

8.16%– 
8.46% 

6.32%– 
6.62%  

M. Wegner et al.                                                                                                                                                                                                                                



Applied Ergonomics 84 (2020) 103008

7

loading a seat. An investigation of various seat components related to 
the comfort relevant parameters is viable with the described measure-
ment method. Compared to the common method, taking measurements 
with a pressure mat, the presented method enables to measure addi-
tionally to pressure also the elongation, which is based on wheel chair 
research a relevant comfort parameter (Goossens, 2001). Moreover, the 
additional information of elongation in combination with the pressure 
information allows to recognize changes of the seat layout. The most 
current applied pressure mats are not able to detect these changes 
sufficiently. 

4.2. The influence of seat cover and seat suspension on seat 
characteristics 

Studies described above indicate that not only the pressure 
(maximum pressure and pressure distribution) but also the elongation, 
the shear stress and the friction coefficient might be comfort relevant 
parameters for the seat comfort. However, these parameters are difficult 
to measure. The results of Table 6 show that with the system developed 
in this study the elongation (the shear and friction coefficient is in this 
application example not explicit considered) can be recorded and it is 
influenced by the selection of the seat components. The exemplary test 
layout No.5 and No. 10 (see Table 6) determines two completely 
different seat layouts (see Fig. 6) with almost the same pressure distri-
bution and a similar maximum pressure but nearly with a 1.5-fold dif-
ference in the elongation, measured by our device. This means, the 
human skin in contact with the seat in the seat layout of test layout No. 5 
probably stretches more, which could affect the blood flow, the 
musculoskeletal system and the tissue as well might influence the 
perceived seat comfort perception. The studies of Diesing (2006), Bennet 
and Worthen (1980) and Goossens (1994, 2001) stress the importance of 
shear forces. More studies are necessary to investigate whether this ef-
fect is noticed and experienced by subjects in a subjective comfort 
experiment. Previous seat comfort studies of Ebe and Griffin (2000, 
2001), Kamp (2012) or Kolich (2003) focus mostly on the foam char-
acteristics, the seat contour, the seat dimensions and seat adjustments. 
The result of Table 6 illustrates that the seat components do affect each 
other. The main question is whether this objectively recorded differ-
ences are also experienced by seat occupants, which needs to be studied 
in future research. 

5. Conclusion 

In this study a system (a stamp) is developed to measure the effects of 
combinations of different seat elements. The reproducibility and 

Table 4 
Results of the reproducibility test exemplary for the elongation sensor I.  

Assembling Elongation Max. Percentage 
Deviation 

Max. Absolute Deviation Average 
Elongation 

Standard Deviation Confidence Interval 
Min. Max. 

1 7.21% 3.74% 0.26% 7.09% 0,11% 6.96% 7.22% 
7.11% 
6.95% 

2 6.91% 1.26% 0.09% 6.96% 0.04% 
6.97% 
7.00% 

3 7.17% 0.70% 0.05% 7.20% 0.03% 
7.22% 
7.21%  

Table 5 
This table shows the three measurement results of the elongation sensor I and the elongation sensor II for three different cover versions defined in Table 1. For the 
anisotropy evaluation the difference between elongation sensor 1 and the elongation sensor 2 is calculated. Additionally, it is shown the indentation depth and the 
force.  

Test-No. Elongation Sensor 
I 

Elongation 
Sensor II 

Difference Between Elongation Sensor I and Elongation 
Sensor II 

Indentation 
Depth 

Force  

in % in % in % in mm in N 

Fabric 
High Cover Tension (120�-crankshaft- 

position) 

7.22 7.11 0.11 26.68 199.07 
7.11 6.88 0.23 26.88 199.13 
6.95 6.80 0.15 26.90 198.12 

Fabric 
Low Cover Tension (0�-crankshaft- 

position) 

10.45 9.90 0.55 30.00 198.54 
10.09 9.44 0.65 28.35 198.67 
9.97 10.37 0.40 29.43 198.80 

Leather 
High Cover Tension (120�-crankshaft- 

position) 

7.66 6.70 0.96 28.03 198.77 
7.66 6.46 1.20 27.65 198.78 
8.06 6.85 1.21 27.52 198.79  

Table 6 
Result overview of the various seat layouts defined in Table 1.  

Test- 
No 

Max 
pressure 

Pressure 
Distribution 

Elongation Indentation 
Depth  

N/cm2 Ratio sensor I[%] 
þsensor II[%] 

mm 

1 9.20 71.3/28.7 1.3 25.2 
2 8.00 66.5/33.5 2.2 33.9 
3 9.10 77.8/22.2 0.9 24.6 
4 8.10 74.5/25.5 2.0 32.4 
5 5.40 51.4/48.6 3.4 40.0 
6 5.30 55.5/44.5 5.6 39.9 
7 6.00 65.5/34.5 1.9 36.4 
8 6.10 68.3/31.7 2.1 35.6 

9 6.20 59.9/40.1 1.8 18.2 
10 6.20 49.8/50.2 2.2 27.6 
11 7.60 85.8/14.2 1.3 16 
12 6.90 67.1/32.9 2.0 25.0 
13 6.50 58.4/41.6 1.9 22.1 
14 6.20 52.1/47.9 3.1 25.3 
15 7.70 77.3/22.7 1.5 20.4 
16 8.00 70.2/29.8 1.2 23.2  

M. Wegner et al.                                                                                                                                                                                                                                



Applied Ergonomics 84 (2020) 103008

8

repeatability of the stamp sensors are appropriate for our purpose to 
study pressure and elongation (shear force and friction coefficient) of 
different components and component interactions. Nevertheless, the 
assembling procedure of the measurement setup and especially the fix-
ation of the cover materials could be optimized in order to reach a better 
reproducibility of the measurement results. The new measurement 
procedure should be able to break down the effects of the surface (cover 
materials and layer) up to the anisotropy of the cover materials. 

The application examples have shown that the measurement 
approach is able to determine differences between various seat ele-
ments. The results of the comparison demonstrates that the seat sus-
pension and cover tension influence the behavior of the loaded seat. 
Furthermore, specifically the assumed comfort relevant parameters 
maximum pressure, pressure distribution and elongation could be 
recorded by this system. The technical protection of the system and the 
application example have confirmed that this measurement approach is 
suitable for a more extended investigation of the various seat compo-
nents which could affect the seat comfort. Additionally, examining the 
characterization of the components with appropriate coefficients. 
However, it would be interesting to discover whether the recorded dif-
ferences in seat characteristics and combinations of elements have a 
relationship with the experienced comfort. 
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