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Sitting comfort is primarily determined by the cushioning capability of the 
seat foundation. Limited literature has been found related to the effects 
that different sized human buttocks had on the cushioning capability of the 
seat foundation. Moreover, there is no testing method specialized to 
measure the load-deformation behavior of foam cushions that imitates the 
sitting behavior between indenters with different sizes and seat support. 
This study investigated the effects of various indenter diameters (20 cm, 
30 cm, 36 cm, 41 cm, 51 cm, and 58 cm), foam stiffness levels (high and 
low), and seat bases (spring versus solid flat panel) on the compressive 
load-deformation behavior of upholstered seat foundations. The load-
deformation curves of all the tested foam-seat base combinations 
exhibited three typical regions, i.e., linear elasticity, plateau, and 
densification, when subjected to the loads applied through different 
indenter diameters. Statistical results indicated that the primary effects of 
the indenter diameter, foam stiffness level, and seat base had significant 
effects on the spring constants, which represented the slopes of lines in 
these three regions. In addition, a regression technique was proposed to 
derive power equations for the estimation of the spring constants of a seat 
foundation as a function of the indenter diameter, foam material stiffness, 
and seat base type. 
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INTRODUCTION 
 

Polyurethane (PU) foams covered with either fabric or leather for use as a surface 

cushion, in conjunction with springs installed in the seat base, are commonly used as the 

seat foundation of a piece of upholstered furniture. This allows for the conforming of the 

seat surface to the contour shape of the sitter’s buttocks and prevents a concentration of 

pressure being applied on the buttocks (Ebe and Griffin 2001; Grujicic et al. 2009; Jucienė 

and Vobolis 2013). Correct designing of a seat foundation, i.e., selecting the right 

combination of foam and seat base type in terms of their stiffness combination, can provide 

a sitter with a comfortable sitting experience, e.g., feeling soft or hard, bottoming-out of 

the seat, as well as seat postural stability and postural control (Todd et al. 1998; Ebe and 

Griffin 2000; Xu et al. 2015; Chen et al. 2017; Gao et al. 2018). This is primarily due to 

the sitters’ subjective satisfaction of sitting comfort being determined by the cushioning 
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capability of the seat foundation (Ebe and Griffin 2000; Grujicic et al. 2009; Li 2017; Li 

et al. 2018). 

The load-deformation behavior of seat cushions is commonly evaluated in the 

manner described in the previous studies by Todd et al. (1996), Dionne et al. (1998), 

Smardzewski et al. (2010), Oh et al. (2016), and Li (2017), who all reference ASTM 

standard D3574-17 (2017), i.e., using a flat circular metal plate (20 cm in diameter) as the 

indenter for compressing cushions. The load-deformation behavior measured by using this 

standard procedure has led to the results being different from those experienced by the 

human subjects in the real sitting situation, because it was concluded that the sitting area 

is the most significant factor in evaluating human subject sitting (Swearingen et al. 1962; 

Grujicic et al. 2009; Smardzewski et al. 2010; Smardzewski 2013). The reproduction of 

service loads and ergonomics are significantly important in terms of the success of the 

performance tests for humans in relation to different types of seats (Lee and Ferraiuolo 

1993; Li 2017). The development of realistic performance tests has been extensively 

studied in order to investigate the load-deformation behavior of vehicle seats, pilot seats, 

and wheelchairs (Sprigle et al. 1990a,b; Shen and Vertiz 1997; Sims and Bennett 1998; 

Smardzewski et al. 2010; Kim et al. 2014; Li 2017; Hu et al. 2016; Li et al. 2017, 2018; 

Demirel and Tuna 2019a,b) 

Several researchers with an interest in seat applications changed the geometries of 

the PU foam and indenter by using ASTM standard D3574-17 (2017). Sims and Bennett 

(1998) found that the geometry of the PU foam was an important factor in terms of its load-

deformation behavior. Specifically, matching the cushion surface contour to the buttocks’ 

shape resulted in less tissue distortion and lower interface pressures (Sprigle et al. 1990a). 

Shen and Vertiz (1997) reported that the shape of the human subject buttocks directly 

affected the load-deformation behavior of car seats tested with a rigid butt-form indenter. 

Smardzewski et al. (2010) indicated that one of the methods for achieving the greatest 

comfort of the sitter was to adjust the stiffness of the seat elastic systems to the physic-

mechanical properties of the sitter’s body. Kim et al. (2014) reported that when the testing 

dummy weight increased, the stiffness and loss factor of the tested cushion also increased. 

These studies have led to the development of test indenters to reproduce loads 

occurring in human subjects, in terms of people with average body dimensions. However, 

limited literature has been found on the investigation of the effects of different sized human 

buttocks on the load-deformation behavior of the seat foundation. In addition, there is no 

specialized testing method to measure the load-deformation behavior of foam cushions that 

imitates sitting behavior in terms of different sized indenters and seat support.  

The primary objective of this study was to evaluate the effect of the sitting area on 

the load-deformation behavior of upholstered seat foundations using different sized 

indenters, which represented different human hip sizes. Therefore, the specific objectives 

were to: 1) investigate the effect of the indenter size on the stiffness of the upholstered seat 

foundations; 2) investigate the effect of the stiffness property of foam materials (serving as 

the cushion for an upholstered seat foundation) on the stiffness of the upholstered seat 

foundations; and 3) investigate the effect of the seat base type on the stiffness of the 

upholstered seat foundations. It is believed that the results from this study can help furniture 

manufactures design their products to meet different sitting experiences demanded by their 

customers in terms of sitting ride, the hardness or softness of a seat foundation, etc. 
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EXPERIMENTAL 
 

Participants 
Five healthy human subjects who represented five different body mass index (BMI) 

levels (WHO 2006) were recruited and their anthropometric measurements, i.e., weight, 

height, BMI, and hip width, were recorded (as shown in Table 1). Ethical approval was 

given by the Mississippi State University Institutional Review Board. Written informed 

consent was received from all participants. 

 

Table 1. Summary of the Major Anthropometric Information Related to the 
Selection of Test Indenter Diameters 

BMI Level 
(weight range (kg)) 

Weight (kg) Height (m) BMI (kg/m2) Hip Width (cm) 

Underweight (38-72) 47 1.60 18.4 30 

Normal (41-89) 75 1.78 23.9 36 

Overweight (54-111) 98 1.82 29.5 41 

Obesity II (75-148) 119 1.84 35.0 51 

Obesity V (108-224) 163 1.78 51.4 58 

 

Seat Foundation 
The seat foundation of upholstered furniture usually consists of a wooden base 

frame and a seat cushion. The seat base frame can have a solid flat supporting surface, and 

a top surface area with springs. Seat cushions are commonly made of one or more different 

foams covered with fabric or leather materials. Figure 1 shows the configurations and 

dimensions of the two types of wooden seat base frames (spring and flat rigid panel-top) 

used in this experiment. The dimensions of the seat base frames were determined by getting 

an approximate average of the dimensions of sofas from three sofa manufactures.  

Five evenly spaced Standard Wire Gauge no. 8 curved sinuous springs were 

installed on the top of the spring type seat base frame (as shown in Fig. 1b). The two 

different densities (30.8 kg/m3 and 33.3 kg/m3) of foam block material used in this 

experiment were supplied by the Heritage Home Group, LLC (Highpoint, NC). 

 

    
(a) (b) 

Fig. 1. Illustration of the seat base frames used in this study: (a) solid panel base frame; (b) 
curved sinuous spring base frame 

 
Experimental Design 

The basic compressive properties of the two foam densities (30.8 kg/m3 and 33.3 

kg/m3) were evaluated through testing foam blocks (10 cm wide by 10 cm long by 10 cm 

thick). Each of the foam densities was tested in triplicate. 
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A complete 6 × 2 × 2 factorial experiment was conducted to evaluate three factors 

that affect the compressive load-deformation behavior of the seat foundations of 

upholstered furniture. The three factors were indenter diameter (20 cm, 30 cm, 36 cm, 41 

cm, 51 cm, and 58 cm), foam density (30.8 kg/m3 and 33.3 kg/m3), and seat base type (panel 

and spring). The foam blocks used in this study measured 61 cm long × 61 cm wide × 10 

cm thick, and each of the 24 experimental combinations were performed in triplicate. 

The five indenter diameters (30 cm, 36 cm, 41 cm, 51 cm, and 58 cm) were used in 

reference to the hip widths measured in this study (as shown in Table 1). These five 

indenter diameters represented five different buttock sizes, which corresponded to five 

different levels of BMI. The standard indenter with a diameter of 20 cm (according to 

ASTM standard 3574-17 (2017)) was included in this study. 

 

Testing 

All compressive property tests on the foam materials and seat foundations were 

performed with a hydraulic SATEC (Norwood, MA) universal testing machine in 

accordance with ASTM standard D3574-17 (2017). The loading speed was 0.85 mm/s. 

Figure 2 showed the setup for evaluating the basic compressive properties of the foam 

materials. 

 

 

Fig. 2. Setup for evaluating the basic compressive properties of foam materials used in this study 

 

Figure 3 showed the setup for measuring the compressive load-deformation 

properties of the seat foundation. Figure 4 illustrated six flat loading indenters, which 

included the 20 cm diameter standard metal indenter and the five wooden indenters made 

of 18 mm thick five-ply pine plywood. 

All foams were conditioned in an EMC chamber prior to testing, which was 

controlled at 23 °C ± 2 °C and 50% ± 5% relative humidity (according to ASTM standard 

3574-17 (2017)). For the load-deformation test, each specimen was preflexed by 

compressing it twice to 80% of its original thickness at a cross-head speed of 0.42 mm/s. 

The specimen was then allowed to rest 6 min ± 1 min prior to beginning the formal test. 

Afterwards, the specimen was compressed to 75% of its original thickness at a speed of 
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0.85 mm/s, then allowed to rest 60 s ± 3 s while the force drifted. The indenter was then 

raised at a speed of 0.85 mm/s until it was no longer in contact with the specimen. 

 

 

 
 

Fig. 3. Test setup for evaluating the compressive load-deformation property of a seat foundation 

 

 
Fig. 4. The six indenters used in this experiment, including one metal and five wooden indenters 

 

Statistical analysis 

First, a three-factor analysis of variance (ANOVA) general linear model (GLM) 

procedure was performed to analyze the main effects and their interactions in terms of the 

compressive load-deformation properties of the tested seat foundations evaluated in this 

study. This was followed by mean comparisons using the protected least significant 

difference (LSD) multiple comparisons procedure to determine if any significant 

interactions were identified.  All statistical analyses were performed at the 5% significance 

level. 

 

 

RESULTS AND DISCUSSION 
 

Basic Compressive Properties of the Foams 
Figure 5 shows a typical three-phase stress-strain curve of the tested foam blocks. 

The three typical phases, which included phase I (the first linear region), phase II (the 

plateau region is the second linear portion, which exhibited reduced stiffness in comparison 

to the stiffness of the phase I), and phase III (the densification region, which exhibited a 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Hu et al. (2020). “Cushioning of seat foundations,” BioResources 15(4), 7992-8007.  7997 

nonlinearity behavior with a sharp increase in materials stiffness), could be identified for 

all the stress-strain curves of the evaluated foam materials. Phase I accounted for 5% of the 

entire deformation, which was caused by the elastic deformation of the cell walls of the 

foam materials. The continued loading into phase II caused the foam cell walls to lose their 

stability and resulted in large deformation, which removed the air from intercellular spaces. 

In phase III, the deformed cell walls of the foam materials resulted in a considerable 

increase in its stiffness. The stiffness (elastic modulus) levels of the three phases were 

represented by E1, E2, and E3, respectively. Table 2 summarized the means of these critical 

values and their comparisons performed using a LSD multiple comparisons procedure. The 

mean comparison results indicated that the high-density foam materials used in this 

experiment had significantly higher stiffness values than the low density ones for all three 

phases as shown in Table 2. Therefore, the stiffness of a foam material, i.e., a low or high 

stiffness foam, will be referenced for the rest discussion instead of its density. 

 

 
Fig. 5. A typical stress-strain curve of the tested foam blocks 

 

Table 2. Summary of the Mean Stiffness Values for the Three Phases of the Two 
Foam Densities Evaluated in this Study 

Stiffness Value 
(kPa) 

Foam Density (kg/m3) p-values LSD values  

30.8 33.3   

E1 36 (11) B 67 (2)  A 0.0002 6.63 

E2 6 (3) B 8 (3) A 0.0005 0.48 

E3 398 (1) B 432 (1) A 0.0002 4.12 

Note: Values in parentheses are the coefficients of variation (percentages). Two means in each 
row not followed by a common letter are significantly different one from another at the 5% 
significance level. 

 

Compressive Properties of the Seat Foundation 
Figure 6 shows typical load-deformation curves of the evaluated seat foundations 

in this study. These curves also exhibited three well defined phases similar to the foam 

materials alone: linear elasticity, plateau, and densification. The average slope, i.e., the 

spring constant, for each region (linear elasticity, plateau, and densification) were 

expressed as K1, K2, and K3, respectively. The least square linear regression technique was 
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used to derive these slope values and the mean values of the coefficients of determination 

(R2) of all regression fitting lines ranged from 0.65 to 0.99. 

The seat foundations with a panel type seat base had its deformation in the linear 

elasticity region account for 5% of the entire deformation (as shown in Fig. 6a and Fig. 

6b), while the spring type seat base had its elasticity region account for 20% of the entire 

deformation (as shown in Fig. 6c and Fig. 6d). 

 

 

 

 

a) b) 
 

 

 

 

 
c) 

 
d) 

Fig. 6. Typical load-deformation curves of the seat foundations evaluated with different indenter 
diameters in this study for each of the following experimental combinations: a) low stiffness foam 
with a panel type seat base; b) high stiffness foam with a panel type seat base; c) low stiffness 
foam with a spring type seat base; and d) high stiffness foam with a spring type seat base. 

 

Mean Comparisons 
Table 3 summarizes the mean values of K1, K2, and K3 for each experimental 

combination of indenter diameter, foam stiffness, and seat base type. Table 4 summarizes 

the ANOVA results obtained from the GLM procedure performed for each of the three 

evaluated properties of the seat foundations, which indicated that the three-way interaction 

for each K1, K2, and K3 value were not significant as shown in Table 4. The effects of the 

three evaluated factors on the three critical properties were analyzed by considering the 

non-significant three-way interactions, because the nature of the conclusions from the 

interpretations of the primary effects were dependent on the relative magnitudes of the 

interactions and individual main effects. Tables 3, 5, and 6 summarize the mean 

comparisons of the K1, K2, and K3 values for the indenter diameter, foam stiffness, and seat 

base type, respectively. These results were based on a one-way classification of the 24 

treatment combinations created with respect to the three-factor interaction for each of the 
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K1, K2, and K3 data-sets and the mean comparisons for each of three data-sets using a single 

LSD value (118.92 N/cm, 9.17 N/cm, and 88.19 N/cm, respectively). In addition, the ratios 

of K1 to K2 and K3 to K2 for the indenter diameters with each combination of foam stiffness 

and seat base type were calculated and summarized in Table 7. 

 
Table 3. Summary of the Mean Values of the Average Spring Constants of the 
Seat Foundations K1, K2, and K3 and their Mean Comparisons for the Indenter 
Diameter Level Within Each Combination of Foam Stiffness and Seat Base Type 

Spring 
Constant 

Foam 
Stiffness 

Base 
Type 

Indenter Diameter (cm) 

20 30 36 41 51 58 

------------------------ N/cm ----------------------- 

K1 

Low 

Panel 
254.7 
(5) F* 

507.2 
(16) E 

726.9 
(8) D 

929.3 
(2) C 

1402.2 
(1) B 

2130.9 
(11) A 

Spring 
40.9 
(1) A 

52.3 
(7) A 

64.8 
(1) A 

72.1 
(3) A 

85.3 
(3) A 

82.7 
(4) A 

High 

Panel 
338.6 
(12) F 

570.4 
(2) E 

762.7 
(2) D 

995.8 
(5) C 

1613.7 
(4) B 

2188.9 
(4) A 

Spring 
42.4 
(1) A 

60.4 
(1) A 

75.7 
(1) A 

74.4 
(11) A 

94.2 
(6) A 

96 
(2) A 

K2 

Low 

Panel 
25.1 
(5) B 

34 
(13) AB 

34.4 
(1) AB 

37.4 
(1) A 

40.3 
(4) A 

38.2 
(9) A 

Spring 
14.8 
(1) C 

20.5 
(3) B 

24.2 
(2) B 

27.8 
(1) B 

41 
(6) A 

47.9 
(4) A 

High 
Panel 

33.2 
(14) C 

41.8 
(12) C 

46 
(15) BC 

51.5 
(20) B 

55.1 
(23) AB 

61.5 
(3) A 

Spring 
17.2 
(5) C 

25.2 
(10) C 

28.2 
(4) C 

28.4 
(14) C 

51.1 
(1) B 

68.5 
(12) A 

K3 

Low 

Panel 
70.9 
(1) C 

123.9 
(19) BC 

150.3 
(1) B 

167 
(3) B 

248.5 
(6) AB 

315.4 
(6) A 

Spring 
26 

(4) C 
46.8 
(8) C 

53.5 
(1) C 

70.9 
(3) BC 

145.4 
(10) B 

323.8 
(24) A 

High 

Panel 
81.4 

(10) E 
161.3 
(1) DE 

197 
(8) CD 

253 
(2) C 

377.3 
(1) B 

536.5 
(13) A 

Spring 
33.7 

(14) C 
51.2 
(1) C 

62 
(9) BC 

70.8 
(4) B 

128.1 
(27) B 

387.7 
(14) A 

Note: Values in parentheses are the coefficients of variation (percentages). Six means in each 
row not followed by a common letter or two common letters are significantly different one from 
another at the 5% significance level. 

 
Table 4. Summary of the Analysis of Variance (ANOVA) Results Obtained from 
the General Linear Model (GLM) Procedure Performed on the Three Factors for 
Each of the K1, K2, and K3 Data-sets 

Source 

Spring Constant 

K1 K2 K3 

F-value p-value F-value p-value F-value p-value 

Indenter 299.85 < .0001 53.03 < .0001 65.57 < .0001 

Foam 7.99 0.0093 62.88 < .0001 16.3 0.0005 

Indenter × Foam 0.6 0.6996 3.99 0.0089 2.55 0.0546 

Seat 3365.99 < .0001 45.25 < .0001 75.11 < .0001 

Indenter × Seat 271.65 < .0001 9.88 < .0001 2.43 0.0641 

Foam × Seat 5.64 0.0259 5.87 0.0233 9.8 0.0045 

Indenter × Foam × Seat 0.61 0.6952 0.4 0.8425 1.11 0.382 
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Table 5. Mean Comparisons of the Spring Constant Values for the Foam 
Stiffness for Each Combination of Indenter Diameter and Seat Base Type 

 
Indenter 

Diameter (cm) 

 
Base Type 

Spring constant 

K1  K2  K3 

Foam Stiffness Foam Stiffness Foam Stiffness 

Low High  Low High  Low High 

------------------------------N/cm------------------------------ 

20 
Panel 254.7 A* 338.6 A 25.1 A 33.2 A 70.9 A 81.4 A 

Spring 40.9 A 42.4 A 14.8 A 17.2 A 26 A 33.7 A 

30 
Panel 507.2 A 570.4 A 34.0 A 41.8 A 124 A 161 A 

Spring 52.3 A 60.4 A 20.5 A 25.2 A 46.8 A 51.2 A 

36 
Panel 726.9 A 762.7 A 34.4 B 46 A 150 A 197 A 

Spring 64.8 A 75.7 A 24.2 A 28.2 A 53.5 A 62 A 

41 
Panel 929.3 A 995.8 A 37.4 B 51.5 A 167 A 253 A 

Spring 72.1 A 74.4 A 27.8 A 28.4 A 70.9 A 70.8 A 

51 
Panel 1402 B 1614 A 40.3 B 55.1 A 249 B 377 A 

Spring 85.3 A 94.2 A 41.0 B 51.1 A 145 A 128 A 

58 
Panel 2131 A 2189 A 38.2 B 61.5 A 315 A 537 A 

Spring 82.7 A 96 A 47.9 B 68.5 A 324 A 388 A 

*Means in each row not followed by a common letter are significantly different from one another 
at the 5% significance level. 

 
 
Table 6. Mean Comparisons of the Spring Constant Values for the Seat Base 
Type for Each Combination of Indenter Diameter and Foam Stiffness 

Indenter 
Diameter (cm) 

Foam 
Stiffness 

Spring constant 

K1 K2 K3 

Base Type Base Type Base Type 

Panel Spring Panel Spring Panel Spring 

------------------------------N/cm------------------------------ 

20 
Low 254.7 A* 40.9 B 25.1 A 14.8 B 70.9 A 26  A 

High 338.6 A 42.4 B 33.2 A 17.2 B 81.4 A 33.7 A 

30 
Low 507.2 A 52.3 B 34 A 20.5 B 123.9 A 46.8 A 

High 570.4 A 60.4 B 41.8 A 25.2 B 161.3 A 51.2 B 

36 
Low 726.9 A 64.8 B 34.4 A 24.2 B 150.3 A 53.5 B 

High 762.7 A 75.7 B 46 A 28.2 B 197  A 62  B 

41 
Low 929.3 A 72.1 B 37.4 A 27.8 B 167  A 70.9 B 

High 995.8 A 74.4 B 51.5 A 28.4 B 253  A 70.8 B 

51 
Low 1402 A 85.3 B 40.3 A 41 A 248.5 A 145.4 B 

High 1614 A 94.2 B 55.1 A 51.1 A 377.3 A 128.1 B 

58 
Low 2131 A 82.7 B 38.2 B 47.9 A 315.4 A 323.8 A 

High 2189 A 96  B 61.5 A 68.5 A 536.5 A 387.7 B 

*Means in each row not followed by a common letter are significantly different from one another at 
the 5%significance level.  
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Table 7. Spring Constant Ratios for the Indenter Diameter for Each Combination 
of Foam Stiffness by Seat Base Type 

Spring Constant Ratio Foam Stiffness Base Type 
Indenter Diameter (cm) 

30 36 41 51 58 

K1 to K2 

Low 
Panel 15 21 25 35 56 

Spring 3 3 3 2 2 

High 
Panel 14 17 19 29 36 

Spring 2 3 3 2 1 
 

K3 to K2 

Low 
Panel 4 4 4 6 8 

Spring 2 2 3 4 7 

High 
Panel 4 4 5 7 9 

Spring 2 2 2 3 6 

 
Indenter Diameter Effects 

Table 3 indicates that the indenter diameter had a significant influence on the spring 

constant K1 values, which represented the slope of the first linear elasticity region when 

the seat foundation had a solid panel base, but it did not increase when the seat foundation 

had a spring base. Specifically, the K1 values increased significantly as the indenter 

diameter increased when the seat foundation had a solid panel base but did not increase 

when the seat foundation had a spring base. These results indicated that the change in K1 

values were sensitive to changes in indenter diameter when a solid panel base was used for 

the seat foundation, but not when a spring base was used. This implied that when a sitter 

begins touching the seat surface of a seat foundation with a solid panel a sitter with pear 

body shape tended to feel that the seat was stiffer than a sitter of same weight but with an 

inverted triangle body shape. However, if a spring base was used, the two sitters will feel 

a similar level of stiffness from the seat foundation, because a seat foundation with a spring 

base tended to minimize the indenter diameter effect on the K1 value. In general, it was 

observed that the standardized 20 cm testing indenter yielded a significantly lower K1 value 

than the other five larger indenters evaluated in this study when a solid flat panel seat base 

was used together with foam as a seat foundation. However, when a spring seat base was 

used, the 20 cm indenter had a non-significant lower K1 value than the other five larger 

indenters evaluated in this study. 

In the plateau region, there were no significant differences in the spring constant K2 

values among the five indenters with a diameter larger than 30 cm if the seat foundation 

was a combination of low stiffness foam and a flat panel seat base. This indicated that the 

spring constant K2 values were not sensitive to indenter diameter changes. This observation 

implied that if a group of sitters with BMI levels ranging from underweight to obesity V 

sit on the seat foundation, they will all feel a similar stiffness in the plateau region. 

However, if a high stiffness foam was used in a seat foundation with a flat panel seat base, 

significant increases in the spring constant K2 values were observed when the indenter 

diameter increased from 30 cm to 41 cm, and from 41 cm to 58 cm. This which implied 

that underweight, overweight, and obesity V sitters might experience a different ride feel 

in terms of seat stiffness in the plateau region, i.e., underweight sitters might feel a softer 

ride, while the obesity V sitters might feel a harder ride. Meanwhile, there were no 

significant differences in the K2 values between 30 cm and 36 cm indenters, 36 cm, 41 cm, 
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and 51 cm indenters, and between 51 cm and 58 cm indenters. This implied that the 

underweight and normal weight sitters could feel a similar sitting ride, i.e., a less stiff seat, 

while normal weight, overweight, and obesity II sitters could feel a similar sitting ride, i.e., 

a more stiff seat, and obesity II and obesity V sitters would experience a similar sitting ride, 

i.e., a more stiff seat in comparison to the rest of sitter groups. When a low stiffness foam 

was put on a spring seat base, there were no significant differences in the spring constant 

K2 values among indenter diameters of 30 cm, 36 cm, and 41 cm, and diameters between 

51 cm and 58 cm, but the spring constant K2 values of the two larger indenter diameters 

were significantly higher than the K2 values of three smaller diameters. When the seat 

foundation had a high stiffness foam and a spring seat base, its spring constant K2 values 

became more sensitive to indenter diameter changes for a larger range of diameters, i.e., 

greater or equal to 41 cm in comparison to smaller diameter indenters (less than 41 cm). 

There were no significant differences in the K2 values among 30 cm, 36 cm, and 41 cm 

indenters, which implied that underweight, normal weight, and overweight sitters could 

feel a similar ride, i.e., less stiff, while obese sitters would feel a stiffer ride. The 

standardized 20-cm indenter yielded a non-significantly lower K2 value than the two larger 

30 cm and 36 cm indenters, but had a significantly lower K2 value than the three larger 41 

cm, 51 cm, and 58 cm indenters when the seat foundation had a solid flat panel seat base. 

The standardized 20-cm indenter yielded a significantly lower K2 value than all five larger 

indenters evaluated when a seat foundation was equipped with a low stiffness foam on top 

of a spring seat base, but had a non-significantly lower K2 value than the three large 30 cm, 

36 cm, and 41 cm indenters, but had a significantly lower K2 value than the two larger 51 

cm and 58 cm indenters when the seat foundation used a high stiffness foam.  

In the densification region, the K3 values (as shown in Table 3) increased as the 

indenter diameter increased, but the significances among the different indenter diameters 

were affected by not only the seat base type but also the foam stiffness. The 58 cm indenters 

had significantly higher K3 values than the K3 values of diameters less than 51 cm, but not 

higher than the K3 values of a 51 cm diameter, implying that obesity V sitters would 

experience a stiffer ride in comparison to the rest of the sitter groups. There were no 

significant differences in the K3 values among the four indenter diameters less than 58 cm 

when the seat foundation had a low stiffness foam on a flat solid panel base. However, 

when a spring base was used instead of the panel base, the 51 cm indenter yielded a 

significantly higher K3 value than the 36 cm and 30 cm indenters, but not significantly 

higher than the 41 cm indenter K3 values; there were no significant differences in the K3 

value among the three indenters with a diameter less than 51 cm. These observations 

indicated that the K3 values of the low stiffness and solid panel base seat foundations were 

less sensitive to indenter diameter change but altering the seat base stiffness to a less stiff 

base could somehow change this sensitive. In another words, underweight, normal weight, 

overweight, and obesity II sitters would feel a similar seat stiffness in the densification 

region when they sit on a low stiffness and solid panel base seat foundation. However, an 

obesity II sitter would feel a significantly stiffer seat than the underweight and normal 

weight sitters, but not stiffer than an overweight sitter would feel if a spring seat base were 

used instead of a solid flat panel based. The K3 values exhibited a different behavior when 

a high stiffness foam was used in the seat foundation in comparison to a low stiffness foam 

being used. In the high stiffness foam and solid flat panel seat foundation, the K3 value was 

sensitive to indenter diameter change while the seat foundation with a spring seat base was 

less sensitive to indenter diameter change. The standardized 20 cm indenter yielded non-

significantly lower K3 values than the 30 cm indenter K3 values but had significantly lower 
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K3 values than the indenters with a diameter larger than 30 cm when the seat foundation 

had a solid flat panel seat base. The standardized 20 cm indenter yielded non-significantly 

lower K3 values than the three large 30 cm, 36 cm, and 41 cm indenters, and yielded 

significantly lower K2 values than the two larger 51 cm and 58 cm indenters when the seat 

foundation was equipped with a low stiffness foam on top of a spring seat base. The 

standardized 20 cm indenter yielded non-significantly lower K3 values than the two large 

30 cm and 36 cm indenters, and significantly lower K2 values than the three larger 41 cm, 

51 cm, and 58 cm indenters when the seat foundation had high stiffness foam.   

Table 7 indicates that the K1/K2 ratios increased by a magnitude of 15 to 56 as the 

indenter diameter increased from 30 cm to 58 cm when a flat solid panel base was used, 

but the ratio increase ranged from 1 to 3 when a spring base was used. These observations 

implied that when a flat solid base was used, a sitter could feel a hard surface for a moment 

when the body started touching the seat surface, but this initial hard surface feeling would 

not occur when a spring base was used. The K3/K2 ratios indicated that the seat foundations 

with either a solid flat panel seat base or a spring seat base had a similar increasing trend 

in the K3/K2 ratios as the indenter diameter increased, i.e., the ratios are not dependent on 

the foam stiffness for a given seat base type. The ratios for the spring base seat foundations 

ranged from 2 to 7, which were lower than the solid flat panel base ratios (ranging from 4 

to 9). These results implied that a seat foundation with a solid flat panel seat base tended 

to easily bottom-out in comparison to a spring seat base. In addition, it was observed that 

in general, for each foam stiffness and seat base type combination, the K3/K2 ratio tended 

to be constant for the three smaller indenter diameters (30 cm, 36 cm, and 41 cm) but 

started its increasing trend when the indenter diameter was greater than 41 cm. This 

increasing trend implied that a sitter with larger buttocks tended to easily bottom-up in 

comparison to a sitter with smaller buttocks. 

 

Foam Stiffness Effects 
Table 5 indicated that in general, the spring constant values of the seat foundations 

with high stiffness value foams were higher than those with low stiffness value foams. But 

these differences were not statistically significant for most of the K1 and K3 values, or for 

K2 values at an indenter diameters smaller than 36 cm for panel base type seat foundations 

and 51 cm for spring base type seat foundations. In other words, the difference in the K2 

values between the seat foundations with a high and low stiffness foam did not become 

significant until the indenter diameter reached to 36 cm for panel base type seat foundations 

and 51 cm for spring base type seat foundations. 

 

Base Type Effects 
The mean comparisons (as shown in Table 6) indicated that the seat foundations 

with solid flat panel bases had significantly higher K1 values than seat foundations with 

spring bases. Seat foundations with solid flat panel bases had significantly higher K2 values 

than seat foundations with spring bases when subjected to indenters with a diameter less 

than 41 cm, but were no longer significant when the indenter diameters were greater than 

41 cm. Seat foundations with solid flat panel bases had non-significantly higher K3 values 

than seat foundations with spring bases when subjected to indenters with a diameter less 

than 30 cm, but became significant when the indenter diameters were greater than 30 cm.  
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Prediction Equation 
To quantify the effects of the indenter diameter, foam stiffness, and seat base type 

on the spring constants of the seat foundations (K1, K2, and K3) and to obtain the functional 

relationships between the individual spring constants and the parameters that might be 

practical for seat design purposes, the least squares regression technique was proposed to 

fit to the individual test data points, as shown in Eq. 1, 

𝐾 = a𝑑𝑏 × 𝐸𝑐 × 𝛾𝑑                                                                                  (1) 

where K represents K1, K2, and K3 (N/cm), d is the indenter diameter (cm), E is the foam 

stiffness (N/cm), γ is the base type (γ = 1 for flat panel bases and γ = 2 for spring bases), 

and a, b, c, d are regression fitting constants. 

The regression analyses yielded the following significant power equations shown 

in Table 8, with p-values all less than 0.0001 and their coefficient of determination ranging 

from 0.84 to 0.98 for three spring constants.  

 

Table 8. The Mean Values of the Derived Regression Constants and their 
Associated Coefficient of Determination (r2 Values) of the Three Power Equations 
Estimating the Three Spring Constants of the Seat Foundations Evaluated in the 
Study (K1, K2, and K3) 
 

Spring Constant a b c d r2 

K1 0.758 1.304 0.177 -3.645 0.98 

K2 0.534 0.835 1.269 -0.439 0.84 

K3 -4.221 1.82 2.264 -1.232 0.90 

 

This indicated that the derived equations could be useful for predicting the mean 

stiffness of a seat foundation as a function of various factors, e.g., indenter diameter, foam 

material stiffness, and seat base type. In another words, the regression method proposed in 

this study could be a useful technique for deriving the quantitative relationship between 

the stiffness of a seat foundation consisting of a foam and seat base and its component 

characteristics. However, additional research needs to be done on this topic in order to 

validate this regression technique and also to identify other major factors that could be 

included.  

 

 

CONCLUSIONS 
 

1. The effects of the indenter diameter, foam stiffness, and seat base type on the 

compressive load-deformation behavior of seat foundations of upholstered furniture 

were investigated experimentally. Experimental results indicated that the load-

deformation curves of all tested seat foundations exhibited three typical regions of 

linear elasticity, plateau, and densification.  Statistical analysis on the effects of the 

indenter diameter on the spring constants, which represented the average slopes of the 

lines in these three regions, indicated that the spring constant, K1 (representing the slope 

of linear elasticity region) was influenced significantly by the indenter diameters when 

the seat foundation had a solid panel base, but was not influenced significantly when 

the seat foundation had a spring base. The spring constant, K2 (representing the slope 

of plateau region) in general, increased as the indenter diameter increased, but the level 
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of significance was affected by the foam stiffness and base type.  The spring constant, 

K3 (representing the slope of densification region) increased as the indenter diameter 

increased, but the level of significance among the different indenter diameters were 

also affected by not only seat base type but the foam material stiffness. 

2. The spring constant values of the seat foundations that used high stiffness foams were 

in general higher than seat foundations with low stiffness foams, but these differences 

were mostly non-significant. Seat foundations that used solid flat panel bases had 

significantly higher K1 values than seat foundations that used spring bases. Seat 

foundations that used solid flat panel bases had higher K2 and K3 values than seat 

foundations that used spring bases, but the level of significance was affected by the 

indenter diameter. 

3. A regression technique was proposed to derive the power equations used for the 

estimation of the spring constants of a seat foundation as a function of the indenter 

diameters, foam material stiffness levels, and seat base types investigated in this study.  
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