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[bookmark: _Hlk37318054][bookmark: _Hlk37318069]Introduction Fire boots are mostly optimized for male firefighters, who represent the majority of the firefighting population (Chetkovich, 1997; Park et al., 2015). However, the percentage of female firefighters has increased from 3.7% in 2000, reaching 8% in 2018, and the number goes up to 11% in the case of volunteer firefighters in United States (Evarts & Stein, 2020; Hulett et al., 2008a). Female firefighters experience more challenges than male firefighters due to ill-fitting equipment (Park & Hahn, 2014) and 47% of them reported fit issues with fire boots (Hulett et al., 2008b). A majority of female firefighters wear male fire boots due to a lack of support from both the market and fire departments, which causes improper fit of the boots with negative impacts on their walking and safety on unfavorable fireground (Boorady et al., 2013). Krauss et al. (2010) investigated differences between female feet and last design and concluded that the down-graded men’s lasts for women’s shoe design is inappropriate due to significant differences in foot shape between females and males. Previous studies found that on average, females had smaller arch height and width than males at the same foot length (Chaiwanichsiri et al., 2008; Krauss et al., 2008). Nevertheless, there is no study on how fire boots should be designed based on analysis of the variation between female and male firefighters’ feet, nor on the differences between firefighters’ and civilians’ feet. 
Research Purpose and Method This study compared the foot morphology of male and female firefighters through 3D scanning, and analyzed foot measurements from Size USA, a large anthropometric dataset of the general US population, in order to interpret sex differences in foot morphology to improve the design of fire boots for improved comfort and mobility for female firefighters. The dominant foot of 74 female and 22 male firefighters was scanned using a hand-held 3D scanner. Geomagic® (3D Systems, NC) was used to take six measurements from each scanned foot: foot length, foot width, medial/lateral ankle height, diagonal ankle circumference and arch height. This study also analyzed the foot measurement data of the general U.S. population using SizeUSA data to support the finding from the firefighters, which includes foot length, foot width, medial/lateral ankle height, and foot girth. When the sizes of both feet were available, the size of the right foot was chosen. Since the ranges of foot length of females and males are different, there was a need to set a range of interest where the range of the female foot length and that of the male foot length overlapped. As shown in Table 1, the data collected from firefighters indicates that foot length between 9.5 – 10.75” is the area occupied by both sexes. It corresponds with the distribution of foot length in the SizeUSA data, only the given range of which includes more than 100 participants of both sexes. Therefore, most of the analysis of this study focused on the range of interest. Statistical analysis was performed by using R.
Table 1. Number of participants in this study and SizeUSA by foot length.
[image: ]
[image: ]Result and Discussion Because the fit issues with fire boots for female firefighters come mostly from wearing boots designed for the feet of males and since foot length is one of the primary factors in choosing a shoe size, the focus of the analysis was to find a difference in size by sex within the same foot length range slot. However, due to a lack of male firefighter participants, conducting a statistical test within each foot length slot did not produce reliable data. To break through this, each foot measurement was normalized with regard to foot length by dividing it by the foot length of the participant, which generated a proportional foot dimension. T-test on the normalized figures within the range of interest indicates that there is a significant difference in foot width proportion to foot length between female and male firefighters (Table 2). It implies that the foot of female firefighters is slimmer than that of males, even when their foot length is same. This result may be related to the nature of female firefighters’ issues, as reported by a previous study (Boorady et al., 2013), with ill-fitting fire boots causing clunky walking, rapid fatigue development, and their boots to fall off behind them as they walk. The SizeUSA data with a lot more participants not only supported this finding but also raised a possibility of potential differences in other measurements, if there are more firefighter participants. Comparison of foot measurements by sex in the general population clearly shows that there is a significant difference between females and males in all foot measurements (foot width, lateral/medial ankle height and foot girth) and their proportions to foot length, even when they are in the same foot length slot (p <.001). Within the range of interest of this study, the mean difference of the four measurements varies from 0.572 to 0.063 inches, which can create major fitting issues, potentially followed by accidents on the fire ground. Last, comparison between firefighters and the general U.S. population also indicated that foot width (pfemale<.001, pmale<.001) and medial ankle height (pfemale<.05, pmale<.05) are significantly different between the two sexes. The mis-match cause ill-fitting of fire boots, limiting the lower body mobility. It should be noted that their negative impact will be even larger in female firefighters; in a previous study, the range of motion at the ball of the foot and  ankle had a greater reduction in female firefighters  wearing fire boots, which implies a greater risk compared to their male counterparts (Park et al., 2015). The consistent findings revealing the distinct characteristics of female firefighter foot dimensions emphasize the need for fire boots specifically designed for the population using female boot models, as dual sizing can’t offer ideal fit for female firefighters. Table 2. Comparison of foot measurements between female and male firefighters
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Range of interest only
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Foot measurement (inches)
Foot width 3.862 4.165 -4.920 0.000
Ankle height (lateral) 2.577 2753 -1.579 0.131
Ankle height (medial) 2932 3.057 -1.279 0216
Arch height 0.713 0.745 -0.468 0.646
Diagonal ankle circumference  12.381 13.102 -4.157 0.000
Foot measurement normalized by foot length
Foot width 0.389 0.404 -2.740 0.010
Ankle height (lateral) 0.260 0.267 -0.662 0516
Ankle height (medial) 0296 029  -0082 0935
Arch height 0.072 0.072 -0.092 0.928

Diagonal ankle circumference  1.248 1270 -1.628 0.114





D


ifference


s


 


in foot 


measurement 


between female and male firefighter


s


 


 


Jeyeon Jo


1


, 


Ziyun Zhang,


1


 


Linsey Griffin


2


, Susan Sokolowski


3


, Meredith McQuerry


4


, and Huiju 


Park


1


 


1


Cornell University, 


2


University of Minnesota, 


3


University of Oregon, 


4


Florida State 


University


 


 


K


ey


words: firefighter, 


foot, 3D scanning


 


 


Introduction


 


Fire boots are mostly 


optimized 


for male firefighters, who 


represent 


the majority of 


the 


firefighting 


population 


(Chetkovich, 1997; 


Park


 


et al.


, 


2015).


 


However, the percentage of 


female


 


firefighters 


has increased 


from 3.7% in 2000


, reaching 8% in 2018, and the number goes 


up to 11% in 


the 


case of volunteer firefighters in United States 


(Evarts & Stein, 2020; Hulett et 


al., 2008a)


.


 


Female firefighters


 


experience more challenges than male 


firefighters due to 


ill


-


fitting


 


equipment


 


(Park & Hahn, 2014)


 


and 47% of 


them 


reported


 


fit issues with 


fire


 


boots


 


(Hulett et al., 2008b)


.


 


A majority of female firefighters 


wear male fire boot


s


 


due to a lack of 


support from both 


the 


market and fire departments


, which causes 


improper fit


 


of the boots with 


ne


gative impacts on 


their


 


walking and safe


t


y on unfavorable fireground 


(Boorady et al., 2013)


. 


Krauss et al. 


(


2010)


 


investigated difference


s


 


between female feet and last design and 


concluded


 


that the down


-


graded men’s lasts for women


’s


 


shoe design 


is inappropriate


 


due to 


significant 


difference


s


 


in 


foot 


shape 


between female


s


 


and male


s


.


 


Previous 


studies found that 


on aver


age, 


female


s


 


ha


d


 


smaller arch height


 


and


 


width than male


s


 


at the same foot length


 


(Chaiwanichsiri et 


al., 2008; Krauss et al., 2008)


.


 


N


everthel


ess, t


here is


 


no study on 


how fire boot


s


 


should be


 


designed based on 


analysis of 


the 


variation between female and male firefighter


s’


 


feet


,


 


nor on the 


differences between


 


firefighters’ 


and civilian


s’ feet


. 


 


Research Purpose and Method


 


T


h


is 


study


 


compared the foot morphology of male and female 


firefighters through 3D scanning, and analyzed 


foot measurements


 


from Size USA, a large 


anthropometric data


set


 


of 


the 


general US population


,


 


in order to interpret 


sex


 


differences in foot 


morphology


 


to improve the design of fire boots for improved comfort and mobility for female 


firefighters. 


The dominant 


foot of 74 female and 22 male firefighters


 


was 


scanned


 


using 


a hand


-


held 3D scanner. Geomagic


®


 


(3D Systems, NC)


 


was 


used


 


to take six measurements from 


each 


scanned foot: foot length, foot width, medial/lateral ankle height, diagonal ankle circumference 


and arch height. 


This study also


 


analyzed 


the 


foot measurement d


ata of 


the 


general U.S. 


population using SizeUSA data 


to support the finding from the firefighters


, which includes foot 


length, foot width, medial/lateral ankle height, and foot


 


girth


. 


When


 


the sizes of both feet 


were


 


available, 


the 


size of the right foot w


as


 


chosen


. 


Since the ranges of foot length of female


s


 


and 


male


s


 


are different, there was a need to set a range of interest where the rang


e of 


the 


female foot 


length and 


that of the


 


male foot length overlapped. As shown in Table 1, the data collected from 


firefighters indicate


s


 


that foot length between 9.5 


–


 


10.75” is the area 


occupied by 


both 


sex


e


s


. It


 


corresponds with the 


distribution of foot length in


 


the


 


SizeUSA data


,


 


only the 


given 


range of 


which includes more than 100 participants 


of 


both 


sex


e


s


. Therefore, most of the analysis of this 


study focus


ed


 


on the range of interest. 


S


tatistical analysis


 


w


as performed by using R.


 


Table 1. 


Number of participants in this study and SizeUSA by foot length.


 




D ifference s   in foot  measurement  between female and male firefighter s     Jeyeon Jo 1 ,  Ziyun Zhang, 1   Linsey Griffin 2 , Susan Sokolowski 3 , Meredith McQuerry 4 , and Huiju  Park 1   1 Cornell University,  2 University of Minnesota,  3 University of Oregon,  4 Florida State  University     K ey words: firefighter,  foot, 3D scanning     Introduction   Fire boots are mostly  optimized  for male firefighters, who  represent  the majority of  the  firefighting  population  (Chetkovich, 1997;  Park   et al. ,  2015).   However, the percentage of  female   firefighters  has increased  from 3.7% in 2000 , reaching 8% in 2018, and the number goes  up to 11% in  the  case of volunteer firefighters in United States  (Evarts & Stein, 2020; Hulett et  al., 2008a) .   Female firefighters   experience more challenges than male  firefighters due to  ill - fitting   equipment   (Park & Hahn, 2014)   and 47% of  them  reported   fit issues with  fire   boots   (Hulett et al., 2008b) .   A majority of female firefighters  wear male fire boot s   due to a lack of  support from both  the  market and fire departments , which causes  improper fit   of the boots with  ne gative impacts on  their   walking and safe t y on unfavorable fireground  (Boorady et al., 2013) .  Krauss et al.  ( 2010)   investigated difference s   between female feet and last design and  concluded   that the down - graded men’s lasts for women ’s   shoe design  is inappropriate   due to  significant  difference s   in  foot  shape  between female s   and male s .   Previous  studies found that  on aver age,  female s   ha d   smaller arch height   and   width than male s   at the same foot length   (Chaiwanichsiri et  al., 2008; Krauss et al., 2008) .   N everthel ess, t here is   no study on  how fire boot s   should be   designed based on  analysis of  the  variation between female and male firefighter s’   feet ,   nor on the  differences between   firefighters’  and civilian s’ feet .    Research Purpose and Method   T h is  study   compared the foot morphology of male and female  firefighters through 3D scanning, and analyzed  foot measurements   from Size USA, a large  anthropometric data set   of  the  general US population ,   in order to interpret  sex   differences in foot  morphology   to improve the design of fire boots for improved comfort and mobility for female  firefighters.  The dominant  foot of 74 female and 22 male firefighters   was  scanned   using  a hand - held 3D scanner. Geomagic ®   (3D Systems, NC)   was  used   to take six measurements from  each  scanned foot: foot length, foot width, medial/lateral ankle height, diagonal ankle circumference  and arch height.  This study also   analyzed  the  foot measurement d ata of  the  general U.S.  population using SizeUSA data  to support the finding from the firefighters , which includes foot  length, foot width, medial/lateral ankle height, and foot   girth .  When   the sizes of both feet  were   available,  the  size of the right foot w as   chosen .  Since the ranges of foot length of female s   and  male s   are different, there was a need to set a range of interest where the rang e of  the  female foot  length and  that of the   male foot length overlapped. As shown in Table 1, the data collected from  firefighters indicate s   that foot length between 9.5  –   10.75” is the area  occupied by  both  sex e s . It   corresponds with the  distribution of foot length in   the   SizeUSA data ,   only the  given  range of  which includes more than 100 participants  of  both  sex e s . Therefore, most of the analysis of this  study focus ed   on the range of interest.  S tatistical analysis   w as performed by using R.   Table 1.  Number of participants in this study and SizeUSA by foot length.  

