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Abstract: Evaluating the extent of dermal exposure to toxic chemicals requires that researchers determine
the adherence of contaminated soil to human skin following surface and object contact. In this research

we have used a specifically designed mechanical chamber to control and record pressure, time and area
of contact between two surfaces to determine values of soil mass adherence. We designed a series of n

= 387 soil adherence experiments at contact pressure of 20 to 50 kPa, contact times of 10 to 50 seconds,
and particle size of <139.7  µm and $139.7 < 381 µm for sand and enriched lawn soil. Soil/sand

adherence was determined from aluminum sheets to 8.97 cm  human cadaver skin and cotton sheets.2

Environmental conditions of temperature and humidity were not controlled but recorded. Log

transformation of the sand/soil transfer was performed to normalize the distribution. Estimated adjusted
means for experimental conditions were exponentiated in order to express them in the original units.

Higher pressure (p=0.0002), longer time (p=0.0183), sand (p<0.0001), smaller particle size (p=0.0349) and
skin (p<0.0001) were all associated with larger amounts of soil transfer. Amount of soil before transfer

(p=0.2171) and temperature (p=0.8391) of the room were not significant in the adjustment, however,
humidity (p=0.0073) of the room was associated with higher amounts of soil transfer. This research

provides vital information to help understand the magnitude and extent of dermal exposure in and around
the home. 
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INTRODUCTION

Human dermal exposure to pesticides and other
contaminants in and around the home is not well

understood due to the lack of sufficient information on
human activity patterns, environmental chemical

concentrations, and exposure factors such as mass
transfer coefficients and soil adherence factors. This is

especially true for children, whose activity patterns
(i.e., duration and frequency of contact) and dynamics

of contact (e.g., contact pressure and contact time) with
the surfaces and objects in their environment can differ

from adults . This difference requires further study[1]

and application within the field of exposure assessment. 

We have designed a series of n = 387 experiments
to determine the relationship between sand/soil

adherence to human skin and the following factors: 1)
contact pressure between 20 to 50 kPa typically

exhibited by children [2-4], 2) contact times of 10 to
50 seconds, also typically exhibited by children ,[5-8]

and 3) particle size of <139.7 µm and $139.7 < 381

µm for sand and enriched lawn soil. A newly designed
mechanical chamber allowed us to control contact

pressure and time, verified and managed through a
LabView interface designed to complement the

chamber’s use.
The work in this paper provides a number of

benefits to the field of exposure analysis. First, it will
help fill the gaps in knowledge on the magnitude and

extent of dermal exposure to contaminated soil. Soil
adherence values are also important in estimating soil

coverage on exposed bodyparts and, therefore, also
useful in the study of ingestion exposure via hand-to-

mouth transfer . Secondly, it will help elucidate the[9]

dynamics of soil transfer, which may be extended to

estimate the adherence of other materials to the skin.
Many researchers recognize the immediate need for

these transfer measurements . Thirdly, it will[1 0-12]

provide a more robust methodology for determining the

mass fraction of particle adherence to human skin,
narrowing the wide-ranging and questionable mass

transfer  coefficients  that  currently exist. Within the 
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exposure analysis field, mass transfer coefficients are

typically measured adherence values standardized over

a one cm square surface area of skin (e.g., mg/cm ).2

Lastly, it will allow us to validate the chamber by

testing it efficiency and performance in producing

reproducible results. Its will also make apparent which

chamber, control, and computer components can be

improved upon. 

Calculating Exposure and the Use of the Soil

Adherence Factor: The Stanford Exposure Research

Group (ERG) developed a physical, stochastic model

for the simplified  indirect  quantification of dermal

exposure  called the Dermal Exposure Reduction[13, 14]

Model (DERM) that uses the basic physical equation,

skin ,I I-1 ,final m edium ,I I m edium skin IC = C  + C C EF  C (A /A )

The equation assigns a contact mechanism (e.g.,

residue contact, mouth removal, liquid immersion, air

deposition, soil adherence) for each human contact.

Associated with each contact mechanism are

m ediumenvironmental medium concentrations (C , ug/m ,2

ug/m  or ug/mg) and exposure factors (EF, whose units3

vary with the contact mechanism). Note that

m edium skinA /A  (unitless) represents the fraction of the skin

skinexposed. Exposure on the skin, C , is then the sum of

these equations over an entire set of contacts in a

I-1 ,final specified time or time of interest, where C

(mg/cm ) is the concentration on the skin from all2

previous contact events. For soil adherence, the

m ediumconcentration of a contaminant in soil (C , in

ìg/mg) is multiplied by an experimental soil adherence

factor (EF, in mg/cm ) to determine the mass/area2

loading of the chemical on the skin.   

Previous Soil Adherence Studies: The mass adherence

of soil has an influence on the percent dermal

absorption of compounds into the skin. Greater soil

adherence on the skin results in greater percent

absorption; however, the increase may not be

significant once full coverage of skin has been

achieved . Other studies have found greater percent[15]

absorption for thin soils over thicker soil layers ,[16]

again possibly attributable to uptake only from a

monolayer of soil. Soil adherence factors have

previously been estimated using indirect methods for

lead , and direct estimation from staged and from[17-20]

un-staged experiments . Table 1 shows a summary[21-26]

of some soil adherence studies. The adherence values

for different soils and under differing contact scenarios

have ranged from as low as 1.1 x 10  to as high as-6  

21 mg/cm . The concentration of most lab adherence2

studies has been on the mass that adheres, and the

influence of particle size and moisture on soil

adherence. In general smaller particle sizes have greater

adherence  and increasing moisture means[21, 27, 28]

greater adherence, especially for larger particles .[21,25,29]

The importance of particle size and soil moisture on

contaminant uptake, irrelevant of mass adherence, is a

topic that requires further study.  

For field studies the concentration has been on

how likely exposure scenarios influence mass

adherence. Kissel et al  and Holmes et al , for[22] [22]

example, studied a range of typical activities (e.g.,

soccer players, ground keepers, irrigation installers,

daycare kids, gardeners, rugby players, farmers, reed

gathers, and children playing in mud) to determine the

soil that adheres to various bodyparts . Results[22, 23]

showed that soil adherence depended on the activities

and types of soil and that loadings on hands were

typically higher than across arms, legs and faces for a

given exposure scenario. This University of Washington

research group found that the EPA’s typical range of

0.2 to 1 mg/cm  was exceeded by activities such as2

children playing in mud.  However, from both their

studies, the new recommendation for soil/skin

adherence was < 0.01, 0.01-0.1, 0.1-1.0, >1.0 mg/cm2

to be applied to background, low, moderate, and high

activities respectively .  [22, 23]

In a more recent study by the same University of

Washington study group, sediment loadings were

reported on five bodyparts for nine children playing in

a tide flat based on pre and post activity sediment

loading during two timed sessions . Results of mean[24]

loadings for the face, forearm, hands, lower legs and

feet were 0.04 (2.9), 0.17 (3.1), 0.49 (8.2), 0.70 (3.6)

and 21 (1.9) mg/cm , respectively. Sediment loading2

did not depend on the length of a child’s play on the

tide flat which ranged from 20 to 60 minutes. Field

studies using skin rinsing can provide more realistic

estimates of soil adherence, but chamber studies, as

described in this paper, are useful for improving

understanding of adherence mechanics and designing

future field studies.

No identified study has focused on both the effect

of pressure and contact time on adherence from smooth

surfaces, although two previous studies have measured

the approximate pressures used in their adherence

experiments  and one study has looked at the[25, 26]

influence of time . Brouwer et al  looked at[26] [26]

transfer for single contact and 12 repeated contacts

with a fluorescent whitening agent powder on a glass

plate located in a pressure box . A fixed pressure of[26]

approximately 0.005 kg/cm  (i.e., 0.49 kPa) was2

achieved with some variation. Brouwer et al  also[26]

looked at the influence of time (3 to 30 seconds) on

transfer. Rodes et al  measured the transfer of[25]

fluorescein-tagged Arizona Test Dust (ATD) to wet and

dry  skin  using adult hand presses from a number of 
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Table 1: Soil Adherence Studies

Study Soil Type, Soil Size Replications, N, Contact Dynamics Adherence Values Comments

 or Study Group (mg/cm )2

Roels et al., 1980 not controlled, 4 schools, 661 outdoor play estimated from lead loading on hands of 

children field study conc. on hands and in boys greater than girls

soil as 0.6-1.5 mg/cm ,2

see Finley et al., 1992

Driver et al., 1989 five soil types, # 3 replicates adult male hands 0.58 to 1.40 sm aller particle sizes had

150µm, #250µm, agitated in soil for greater adherence,

and un-sieved 30 seconds  especially for < 150 µm

Lepow et al., 1975 not controlled, field 16 children routine outdoor 0.5mg/cm , estimated may underestimate soil2

study play based on tape strip trapped in folds and

area creases

Duggan et al., 1985  not controlled, field hand wipes from 368 lunchtime play, estimated from lead adherence greater for  < 

study children, 11 schools around 45 min conc. on hands and  10 µm, correlation of 

in soil as 0.10 to 0.16, adherence based  on 

see Finley et al., 1992 concentra tion of lead in

particles < 500um

Que et al., 1985 44 µm to 833 µm, 1replicate for each size small adult hand estimated from lead No correlation to particle

housedust from one inverted and then conc. on hands and size

house re-inverted in petri in soil as 0.2, see 

-dishes Finley et al., 1992

Yang et al., 1989 <150 µm 5 replicates rat skin, pre-weighed   9 greater adherence may 

amount applied to skin, be attributable to rat

excess soil removed by skin, greater adherence

gentle tapping of  for <50 µm

inverted cell  

Kissel et al., 1996a <150 µm, > than 3-4 replicates adult female hands 0.08-10.1 increasing adherence for 

250 µm,  150 µm agitated in soil for smaller particles and

to 250 µm, for 5 30 seconds wetter soils, where

soil types and moisture affects larger 

different moisture particle the greatest,

levels  mass recoveries tested 

between wet and dry soil

Kissel et al., 1996b Not controlled, 2-8 replicates/ days range of activities 0.01 to 10 adherence greater on

field study monitoring, 101 (e.g., children playing arms and in mud

subjects, 5 bodyparts mud, rugby players)

from 10 minutes to 8 hr

Holmes et al., Not controlled, 1-3 replicates/ days range of activities 0.01 to 1.00 range in adherence 

 monitoring, 99 (e.g., daycare kids, adjusted from  the Kissel

subjects, 5 bodyparts  gardeners) from et al., 1996b study

2 to 11.5 hrs

Shoaf et al., 2005 Tide soil composed 5 bodyparts, 9 children play in tide flats, 0.04 to 21.00 sedim ent loading did not

 of 77% sand and the 30 to 60 seconds depend on time of play.

rest clay or silt.

Choate et al., 2006 2 soil samples, 108 adults,  6 to 12 palm inverted in 0.50-1.14 adherence lower for 

three moisture levels  replicates container 10 times washed hands, higher for

 and gently taped  moist soils

adherence higher for Rodes et al., 2001 fluorescein-tagged 3 adults, 1 to 3 palm presses, 1.2 x 10  to3.2 x 10-3 -1

damp hands, not all of Arizona Test Dust, replicates, 60 presses limited finger-tip mg/cm 2

< 80µm  for finger-tips presses, and entire the hand comes into

hand presses, dry, contact with surface,

 damp and wet skin, consecutive presses

results in decreased  6 different surfaces

transfer

surprisingly skin Brouwer et al., 1999fluorescent whitening 3 adults,single contacts palm presses on glass 0.27 to 1.07 µg/cm 2

agent powder, size and multiple contacts, plate in pressure box, moisture limited

not reported  1 to 18 replicates time and moisture transfer,  cotton gloves

investigated  gave 70 times greater 

transfer than skin, time

showed no effect,  

vacuum  gave the highestBai et al., 2003 lead dust, size not carpets in 33 homes, wipes, adhesive tapes, 1.1 x 10 - 1.1 x  10-6 -3

load, C 18 sheet gave themeasured 23 to 33 samples of C18 human skin mg/cm 2

each method mimicking membrane lowest load, hand rinse

sheets, vacuum, and a did not give consistent

hand rinse  results
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different surfaces. Between 2-16 lbs force was used

over a 61.1 cm  surface area of skin . Table 12 [25]

contains additional information on these studies. Here

we use a controlled chamber to investigate how much

variability of adherence from a smooth surface can be

attributed to the contact dynamics of pressure and time.

An exact contact area of 8.87cm  is also established2

using chamber plates. In previous studies soil

adherence has been established partially based on

surface areas estimates determined from height and

weight measurements . Other contact dynamics are[30]

not considered in this paper, such as rubbing, sliding

and multiple contacts. This mechanical chamber has

been used to also determine the soil adherence from

carpet surfaces .[31]

Properties of Human Skin: The skin itself is a unique

surface exhibiting fluctuating surface properties.

Texture, charge, chemistry, and energy, for example

affect the adhesive properties of skin whose makeup is

complex due to the presence of a variety of compounds

including protein, lipid and water. Charkoudian, 1988

claims that the surface of the skin is hydrophobic in

nature and can be characterized by large variations in

surface topography and moisture level . The surface[32]

of the skin is also well endowed with skin furrows that

vary with age and sex . A few researchers in the[33]

cosmetics industry have attempted to define various

surface properties of skin (in particular the stratum

corneum, the upper-most layer of the humans skin),

such as roughness, scaliness, skin surface pH, and

hydration . Although, we did not characterize[34, 35]

many of these finer skin details in our study, this is a

consideration for further soil adherence studies using

human skin. Further studies should also consider

theoretical applications of soil adherence based on

surface properties and physical chemical properties of

materials of chemicals and surfaces.    

Contact Pressure Range: Contact pressures (i.e., force

applied over a surface area) can potentially affect the

mass transfer of chemicals. The pediatric and

occupational therapy literature has information on the

pressures exhibited by young children when they grip

objects. A study of 225 children between the ages of

3 to 6 years showed almost a linear relationship

between age and grip strength , with grip pressures[2]

ranging from 23 to 41 kPa for both left and right

hands. In a similar study conducted by , comparable[3]

grip pressures (14 to 35 kPa) were reported for

children aged 1 to 6 years. Another study of 273

children by  revealed lower grip pressures of 7.4 to[4 ]

16.31 kPa. However,  and  used a Martin[2] [3]

V igo r im e te r  i n s t r u m e n t ,  w h i le   u se d  a[ 4 ]

sphygmomanometer. Both instruments require children

to grasp some type of bulb and squeeze. The pressures

exhibited by adults can be higher; 66 to 145 kPa under

static loading and 67 to 225 kPa under dynamic

loading . We varied our pressures from 20 kPa to[36, 37]

50 kPa to primarily focus on contact dynamics for

children using the new chamber.

Contact Time Range: Based on a number of

observational studies done with children, contact times

with objects in the home environment depend on the

child and type of activity, and typically range from 5

to 50 seconds . Adults might be expected to also[5-8]

have short contact times; however, on average their

contacts with objects and surfaces might be longer.

Studies looking at the micro-activity patterns of adults,

in terms of second by second contact with objects and

surfaces, could not be found in the literature. Contact

times used in this study varied from 10 to 50 seconds,

based on mimicking children’s contact dynamics, and

also on the performance of the chamber in achieving

and sustaining a particular pressure as explained in the

Methods section.  

Environmental Conditions (temperature and

humidity): In the home, the transfer of pesticides from

surfaces to human skin may vary as a result of changes

in temperature and humidity. Within the home, we

normally use heaters, air conditioners, and fans to

control temperature and humidity within a comfortable

range. This range typically lies between 60° and 90°F 

for temperature and 20 to 80% for humidity. In houses

that lack heaters or air conditioners, more drastic

temperature and humidity ranges might be experienced.

Although we did not control the temperature and

humidity levels in the chamber using the chamber

components, temperature and relative humidity were

recorded for each experiment, and stayed within ranges 

typically seen in homes.

MATERIAL AND METHODS

Skin and Cloth Preparation: We obtained frozen

adult epidermal tissue from human cadavers donated to

the Jackson Stephen Spine Center located at University

of Arkansas for Medical Sciences. After defrosting, the

skin was removed from the cadavers using a 75 mm

dermatome (NOUVAG, U.S Office, Lake Hughes, CA,

United States) and adjusted to 0.55 mm thickness.

Anatomical sites of choice were the chin, ankle,

forehead, cheek, neck, arms, chest, abdomen, and thigh,

chosen due to their likelihood of exposure in the

natural environment. General observations of the skin

condition were made under the microscope, primarily

to ensure the skin was intact. Skin was vacuum-packed

to prevent freezer burns and placed in a -4 degrees
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Celsius fridge for 4 months to 11 months prior to

usage. Skin was prepared for the experiments by first

defrosting for 3 hours, then wiping the surface 4 times

with a diluted solution of ivory soap and de-ionized

water, and then allowing it to come to equilibrium with

the room for at least two hours. The skin was then cut

into appropriate sizes and attached to the 8.97 cm2

square upper plate using o-rings. No skin sample was

used twice due to possible damage to the integrity of

the skin surface and structure. Unfortunately, we were

unable to obtain cadaver skin from children. Although,

this is a limitation of the study in trying to better

understanding children’s exposure, we believe that

pressure and time of contact most affect transfer to the

skin. As a comparison with soil transfer to human

cadaver skin, we also purchased cotton sheets from

local store. The cotton sheets were 200 thread count,

100% combed cotton sateen, with woven strips

(Gramercy Park Sheets, New York, New York, United

States). These were also cut into appropriate sizes and

attached to the 8.97 cm  circular upper plate using o-2

rings for the soil adherence experiments.

Play Sand and Lawn Soil Preparation: Play sand and

lawn soil were purchased from Home Depot. The play

sand is manufactured by LaFarge, North America

(Pavestone Item # 55141), while the enriched lawn

potting soil is manufactured by Scotts, Inc.

(product#79259750). As described in the consumer data

fact sheet, the lawn soil is formulated with Canadian

sphagnum peat moss, a wetting agent and Scotts Starter

Fertilizer. Sand and lawn soil were placed in open

buckets to equilibrate with room conditions. Both were

then dry-sieved to obtain two sizes <139.7µm (passing

through 055 OPN) and <381.0 $139.7 µm (retained on

the 055 OPN and passing through 15 OPN). Table 1,

column 2 indicates the size ranges for soil particles

used in past adherence studies. Driver et al., for

example, used soil sizes # 150µm, and #250µm, while

Kissel et al., used <150 µm, > 250 µm, and 150 µm

to 250 µm due to contaminant enrichment and

likelihood of finding these soil particle sizes in homes.

For this study to be comparable with other adherence

studies we investigated <139.7µm and $139.7

<381.0µm, where exact cutoff values were provided by

the sieves we used. The sieve apparatus was purchased

from Geotech Environmental Equipment, Inc. (product

#S67120), and comes with 20 interchangeable US

standard sieves to distribute particles from 0.187 to

0.0019 in (4,789.8 µm to 48.3 µm), where at any one

time four sieves can be placed into the sieve apparatus.

Table 2 shows an analysis of the distribution of sizes

for the lawn soil and for the sand. The lawn soil

contains a large number of particles greater than 1524

µm in diameters owing to large pieces of peat moss.

The play sand on the other hand has a high distribution

of particles in the <660.4 $ 139.7µm diameter range,

with the majority in the <381.0 $ 139.7 µm range.

Mechanical Chamber: The study results are dependent

on a mechanical chamber that can control and record

pressure and time of contact between two surfaces, and

the environmental conditions of temperature and

humidity. Figure 1 is a descriptive illustration of the

chamber. More details, actual photographs, and the

chamber’s construction process can be viewed at

http://engineering.armstrong.edu/wj27/amrtc.html. The

chamber consists of an outer and inner housing; air

cooling, heating, and humidification devices; a

changeable pneumatic cylinder and associated

equipment; and various temperature, pressure and

relative humidity transducers.

The National Instruments USB 6009 data

acquisition device (DAQ) and LabVIEW virtual

instruments (VIs) are used to interface all instruments

in the chamber with a PC. The DAQ has two analog

output channels, four differential analog input channels,

and 12 digital input/output channels; 14-bit resolution;

and  uses  the USB 2.0 interface. LabVIEW VIs

(Picture 1) provide a user interface to the instruments

via the USB 6009 and records all sensor information

(temperature, and relative humidity) over the user-

specified and chamber-controlled contact times and

pressures .[38]

The pneumatic system was designed to achieve

various desired contact pressures with various contact

areas (i.e., plates for attaching cadaver skin or cloth

samples), using four separate pneumatic cylinders.

Cylinder bores sizes of 0.794 cm , 2.7 cm , 4.45 cm ,2 2 2

and 6.35 cm  correspond to contact plates areas for2

skin attachment of 1cm , 9cm , 25cm  and 64 cm ,2 2 2 2

respectively. The apparatus housing and pneumatic

instrumentation were selected and designed to

accommodate all of these cylinders. The pneumatic

instrumentation consists of a pressure regulator,

solenoid control valve, digital pressure gauge, load

cells, and a photoelectric sensor . In general the[39]

larger pneumatic cylinders achieve better contact

pressure precisions over a specified contact time;

however due to limitations in human skin specimen the

2.7 cm bore size cylinder and contact plate area of 8.9

cm  was chosen for this set of soil skin adherence2

experiments. 

The pneumatic system was calibrated, using load

cells activation, to determine a correlation between the

set cylinder pressure and the actual contact pressure for

all cylinders. In addition, load cell activation is used to

determine the response time to achieve the actual

contact pressure and how long it is maintained with

'duration.
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Table 2: Sand and Lawn Soil Size Distribution Analysis (Sieved n= 3 times to obtain average)

OPN Designation M icrometers Sand Average Std. Dev Lawn Soil Average Std.Dev.

Percent M ass Percent M ass

>60 OPN >1524 0.45 0.23 72.92 12.28

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

<60OPN>26 OPN <1524<660.4 3.15 0.04 12.38 4.16

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

<26OPN>055 OPN <660.4>139.7 95.24 0.41 5.69 1.91

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

<055OPN< 021 OPN <139.7>53.34 1.12 0.14 6.73 4.67

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

<0.21OPN <53.34 0.04 0.02 3.03 0.99

OPN Designation, M icrometers Sand Average Std. Dev. Lawn Soil Average Std. Dev.

Additional Sizes  Percent M ass Percent M ass 

>26OPN >660.4 3.56 0.37 76.08 2.83

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

<26OPN>15OPN <660.4>381.0 32.32 4.47 7.84 0.22

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

<15OPN<055OPN <381.0>139.7 61.67 4.15 11.40 1.79

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

<0.55OPN <139.7 2.40 0.33 4.53 0.89

Fig. 1: Mechanical Chamber Pressure Components

regression of the data showed a strong correlation

between the set and contact pressures. This relationship

was programmed into the VI to allow the user to

achieve the desired contact pressures based on the

required set pressure. The actual contact pressure was

obtained within 2 to 5 seconds. Calibration also

showed that the contact pressure stayed within 0.02%

to 3.00% of the desired contact pressure for 10 to 50

kPa and for 10 to 50 seconds for the 2.7cm bore size

cylinder. 

For the temperature and humidity components, a

duct-connected Soleus MAC-12K portable heater/air

conditioner (HVAC) can be used to maintain desired

temperatures within the inner chamber. The relative

humidity of the inner chamber can be controlled using

the duct-connected Reli-On ultrasonic humidifier (H-

0565-0).  The temperature and relative humidity (RH)

are measured electronically using a RH/temperature

transmitter (Omega Engineering Corporation; model

number HX93DAC-RP1-F). The device’s remote probe 
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Picture 1: LabVIEW Virtual Interface

is placed inside the inner chamber via a mounting tube.

It has a dual RH/temperature display and analog 4–20

mA current output proportional to the relative humidity

and temperature. Temperature and relative humidity

were not controlled for these experiments, and so the

attached AC and humidity units were not activated.

The chamber doors were left open and the chamber

was allowed to reach equilibrium with room

temperature and relative humidity. Average temperature

was 77.81 degrees Fahrenheit (std. 2.07), while average

relative humidity was 30.5% (std. 9.56%) for the

experiments.

Experimental Procedure: Sand or soil was distributed

unto 96.05 cm  aluminum sheets, with full coverage in2

the center over the 8.97 cm  contact area.  A makeshift2

leveling device made of string tied between two

vertical wires on a glass plate was used to level the

sand and soil on the aluminum sheets to an

approximate height of 0.2 cm. The chamber was

cleaned and dusted between experiments to make sure

it was free of any sand or soil particles. The aluminum

sheets and sand or soil samples were weighed on a

Mettler Toledo balance (model # AB-265-S,

repeatability: 0.03 mg/0.1 mg) and then placed into the

bottom plate of the chamber. The upper plate with

attached skin or cotton sheet was connected to the

pneumatic cylinder within the chamber. After controlled

contact had been performed by the chamber between

the upper and lower plates and recorded by the Virtual

Interface, the aluminum sheet with sand or soil sample

was removed from the chamber and again weighed to

obtain the difference. This difference corresponded to

the amount of sand or soil that has adhered to the

cotton sheet or human skin sample. If human skin was

used, the upper plate was cleaned with an alcohol wipe

between experiments. By weighing the skin or cloth

(i.e., the adherence material) before and after transfer,

it would have been possible to conduct a mass balance.

Difference in weight for the adherence material before

and after should equal the mass transfer of soil or sand

from the aluminum sheets. However, when weighing

the skin, balance readings did not remain stable. This

may be due to static electricity problems with the skin

or absorption or loss of moisture from the air by the

skin. We observed that when the cylinder retracts and

comes to rest, occasionally lumps of soil or sand would

fall off. What remained on the skin or cloth sample is

likely to represent what will remain on the skin in vivo

to allow for absorption of contaminants.

Statistical Analysis: All of the analyses were

performed using SASv9. Descriptive statistics, including

means and standard deviations for continuous variables

and proportions for categorical variables, were

generated. Testing equality of means for soil mass

adherence between individual experimental conditions

was done using two sample t-tests and one-way

analysis of variance (ANOVA) with Dunnett’s

adjustment for multiple comparisons. Distribution of

soil mass adherence was tested for normality using

K o lm o g o ro v -S m ir n o v  t e s t .  T h e  lo g a r i th m ic

transformation of the soil transfer was performed to

normalize the distribution. A fixed effects regression
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model was used to determine the effect of experimental

conditions on the transfer of soil as well as to test for

interactions.  An overall multivariable fixed effects

regression model as specified below was fitted to the

data to examined the differential effect of experimental

conditions on the log soil transfer while controlling for

the amount of soil before, humidity and temperature:

0 1 2Log(soil transfer)=â + â ( pressure) + â (time) +

3 4 5 6â (soiltype) + â (soilsize) +â (skin)+ â (soilbefore) +

7 8â (humidity) + â (temperature)

Several meaningful interactions based on the

specified model were tested. Estimated adjusted means

for experimental conditions were exponentiated back to

express them in the original units. All of the results

were considered significant at the 0.05 alpha level.

RESULTS AND DISCUSSION

We compared the mass adherence of sand/soil

samples to skin and cloth under varied pressures (50,

40, 30 and 20 kPa), times (50, 30 and 10 seconds),

soil sizes (<139.7 and from 139.7 up to 381 µm) and

soil types (enriched lawn soil and sand), for single

contacts. There were 387 experiments performed

(N=387), with each combination of parameters repeated

four times with exception of three cells where five

experiments were performed. Eight of the experiments

produced a difference of less than or equal to zero.

These data were likely the result of a measurement

error or some unmeasured variable, and ranged from 0

to -4.18 with two of these values resulting from

transfer to cloth samples and six from transfer to skin

samples. Therefore, these values were not included in

the analysis. Kolmogorov-Smirnov test for normality

showed that the distribution of the outcome (sand/soil

transfer) was skewed (p<0.01) warranting a log

transformation, which is applied to skewed data (by

taking natural log of every outcome data point) in

order to create the distribution of the outcome that is

roughly symmetric and often roughly normal. This in

turn satisfies the assumptions needed for statistical

models used here. Transformation of the outcome (soil

transfer) reasonably normalized the distribution (p =

0.1149).  

 The mean mass transfer of sand and soil was

12.6±25.6 mg over 8.97 cm  for all the experiments. 2

This corresponds to a soil adherence factor of 1.4± 2.9

mg/cm . The mean mass of soil or sand used on the2

aluminum sheets was 2767.1±650 mg, while the mean

relative humidity and temperature were 30.5± 9.6% and

77.8± 2.1 F. Overall mean of the log transformed soil0

adherence was 1.3±1.2 (exponentiated to original units

results in 3.7 mg/8.9 cm ). Note that the exponentiated2

value is not equal to the original mean of 12.6 mg/8.97

cm² because log[Mean(Y)] is not the same as

Mean[log(Y)]. Table 3 shows the summary statistics for

the log soil transfer for each experimental condition

individually. It also summarizes the results of formal

comparisons of these means for the experimental

conditions using two sample t-test or one way

ANOVA. Results suggest that the adherence increases

for higher pressure levels (p=0.0420), sand more so

than soil (p<0.0001), and human skin rather than cloth

(p<0.0001). Increased adherence with time (p=0.1503)

and for smaller size soil (p=0.1015) exhibited trend,

however were not statistically significant in the

univariate analysis.

Figure 2 shows the adjusted means of the log soil

transfer, exponentiated back to their original units. The

multivariate fixed effects regression model suggests

significantly higher amount of soil transfer for

pressures of 30 (p=0.0283) and 50 (p<0.0001) kPa as

compared to 20 kPa. Further, longer time durations of

30 (p=0.0181) and 50 (p=0.0113) kPa resulted in

significantly higher amounts of soil adherence than 10

kPa. Sand (p<0.0001), smaller size soil (p=0.03), and

human skin (p<0.0001) were also significantly

associated with higher amounts of adherence as

compared to soil, larger size soil and cloth,

respectively. Observations from Figure 2 shows the

adjusted means of the soil adherence for skin was

estimated as high as 9 mg/8.97cm  and as low as 1.52

mg/8.97cm  for transfer to cloth. Amount of soil before2

the experiment (p=0.2171) and room temperature

(p=0.8391) did not have an effect on soil transfer.

Humidity, however, was associated with higher

amounts of adherence (p=0.0073). 

We also investigated some meaningful interactions

and several were found to be significant. Three

instances involved soil type, with pressure, soil size

and humidity. This warranted simplification of the

original model into two by soil types in order to

investigate the differential effects of pressure, soil size

and humidity on the amount of soil transfer. Figure 3

summarizes the results for both simplified models.

Analysis suggests the association between higher

pressure and higher soil transfer, but mainly for play

sand. For lawn soil, only adherence at 50 kPa was

significant in comparison to adherence at 20 kPa (p =

0.0329). For play sand, however, adherence at 30 kPa,

40 kPa, and 50 kPa was significantly greater than

adherence at 20 kPa (p = 0.0010, p = 0.0078, and p =

0.0002, respectively). For both soil types there was a

lower soil transfer at 40 kPa from 30 kPa as Figure 3

shows. Soil size was not significant in either model,

likely a consequence of power loss, however, the

direction remained in favor of smaller size and the

effect was slightly larger for soil than sand. Humidity 
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Table 3: Summary Statistics and Univariate Comparisons for Average Log Soil Transfers by Experimental Condition.

 N M ean SD p-value*

Pressure (Kpa)

20 95 1.04 1.50

------------------------------------------------------------------------------------------------------------------------------------------------------------------

30 94 1.44 1.68 0.2281

------------------------------------------------------------------------------------------------------------------------------------------------------------------

40 94 1.11 1.92 0.9834

------------------------------------------------------------------------------------------------------------------------------------------------------------------

50 96 1.62 1.46 0.0420

Time (seconds)

10 125 1.07 1.39

------------------------------------------------------------------------------------------------------------------------------------------------------------------

30 125 1.41 1.84 0.1724

------------------------------------------------------------------------------------------------------------------------------------------------------------------

50 129 1.43 1.70 0.1503

Type

Sand 191 1.69 1.62

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Soil 188 0.91 1.61 <0.0001

Size (ìm)

<139.7 188 1.44 1.34

------------------------------------------------------------------------------------------------------------------------------------------------------------------

139.7-381 191 1.17 1.91 0.1014

Surface

Skin 188 2.36 1.35

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Cloth 191 0.26 1.22 <0.0001

**two sample t-test or one way ANOVA with adjustments for multiple comparisons

Fig. 2: Adjusted Means for Soil Adherence from Multivariable Regression Model.

is not represented in Figure 3, but it remained a

significant factor in greater amount of adherence only

for lawn soil (p = 0.0423). Additional interaction

between humidity and adherence surface showed

directional difference. Higher humidity was associated

with more adherence for skin (p<0.0001), whereas for

cloth, lower humidity resulted in higher adherence (p=

0.0001).

Discussion: Using a newly designed mechanical

chamber, we mainly investigated how the contact

dynamic factors of pressure and time, typically

exhibited by children, affect soil adherence. In this

study a specific surface area of contact was used along

with two types of soils and two soil particle sizes. We

recorded changing humidity and temperature readings

in the chamber. There were some limitations in this

study. Experiments were designed to mimic the contact

dynamics for children; however we did not obtain

children’s skin. In addition, the chamber and

components were not designed to mimic other contact

dynamics such as sliding and shaking of the adherence

material (i.e., the hands or other bodyparts). We also

used  full  and  unlimited  soil  coverage, where mean 
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Fig. 3: Differential Effects of Pressure and Particle Size by Soil Type.

mass of soil or sand used on the aluminum sheets was

2767.1±650 mg. Other exposure scenarios may have

limited coverage and this may limit the possible mass

adherence to skin.  

Adjusted sand and soil adherence values were in

the range found by other researchers, with a mean

transfer of  3.7 mg/8.9 cm  (0.42mg/ cm : for mass2 2

transfer coefficients) for all pressure, times, soil sizes,

soil types and adherence materials. We discovered that

generally lawn soil and sand adherence increases with

increasing pressure and time. The increase in adherence

from 30 seconds to 50 seconds was insignificant (4.12

to 4.23mg/8.97cm ) compared to the increase in2

adherence from 10 to 30 seconds (2.88 to 4.12

mg/8.97cm ). This suggests a limit to the effect of time2

on adherence. Other researchers have not specifically

investigated the effect of contact time on adherence,

although Shoaf et al., 2006 noted that for children

playing in tide flats, contact times ranging from 30 to

60 minutes had no influence on adherence . [24]

Our chamber can simulate surface contact at

various contact pressures. Previous lab experiments

have used adults hands inverted or agitated in soil to

determine soil adherence, sometimes with no reference

to contact times . The variability in these[17, 21, 27, 29]

contact dynamics makes it difficult in compare soil

adherence values to our study, based both on pressure

and time. We investigated contact pressures that might

be expected for children of 20 to 50 kPa and noted a

general increase of soil adherence with increasing

pressure, mainly for play sand where there was a

significant increase at 30, 40 and 50 kPa over the

transfer at 20 kPa. For lawn soil, transfer was only

significantly greater at 50 kPa over the 20 kPa.

Interestingly, there was a drop in average soil

adherence from 30 kPa to 40 Kpa for both soil types,

and this warrants further investigation. In our analysis

of soil and sand transfer to skin and cloth from carpet

surfaces we also found a similar phenomenon of lower

transfer at 40 kPa . Future studies should also[31]

investigate adherence under higher pressures to

determine limits, and adherence for likely adult contact

pressures.

We discovered that skin gave a higher adherence

than cloth, on average almost 6 times the mass

adherence. Although we wiped and dried the skin

surface, it may still have absorbed more moisture from

the air (recall that increase in relative humidity

positively affected adherence). Additionally, its other

properties of roughness and charge may have enhanced

adherence. We suspected that the higher variability in

properties of cadaver skin (our cadaver skin was

obtained from different specimens and different

bodyparts) would lead to less consistent results in soil

adherence than cloth. However, results did not illustrate

this; standard errors for both skin and cloth on average

were about the same, at 0.1. 

We saw almost double adherence for sand over

enriched soil. The sand particles are composed of some

silica material with a harder texture than the lawn soil.

When pressure is applied, these silica particles may

embed themselves further into the grooves of the skin,

leading to enhanced adherence. We also observed

fallback of lawn soil and sand onto the surface as

pneumatic cylinder retracted and came to a halt. It is

possible that more clumps are formed for soft lawn

soil, and this may have resulted in a larger fallback

and lower measured adherence. There was also greater 
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adherence for smaller sized particles, as shown in other
studies , so this is not surprising, again this was[21, 27]

enhanced for the sand over lawn soil in this study. 
The effect of humidity has not been clearly investigated
previously, although previous studies have found
greater adherence with moist soils . Under more[21, 29]

humid environmental conditions, we would expect that
both the soil and skin would absorb more moisture,
thereby enhancing adherence. We allowed our soil and
sand to equilibrate in open containers with the room
humidity and temperature of 30.5± 9.6% and 77.8±
2.1 F, respectively. These environmental conditions0

likely produced relatively dry soil and sand. The issue
of moist surfaces and soils is important for children
who often play in mud and water and have sticky
fingers from moist foods such as popsicles and candy.
Our results showed that slightly higher humidity did
result in greater adherence for skin, but the opposite
was true for cloth. At this time we cannot fully explain
these result for cloth, but these discrepancies are
worthy of further exploration. Although temperature
remained more stable, humidity in our experiment
varied slightly and was highly dependent on the
weather outside. Better control of humidity and
temperature using our apparatus’s attached humidifier
and air conditioner and a closed chamber is warranted.

Conclusion: Using our novel controlled mechanical
chamber, we have investigated soil adherence factors
under controlled and well-defined experimental settings.
The controlled study of soil adherence to human skin
will aid in the future study of other skin exposure
factors (e.g., residue adherence) by providing a basis
for better understanding of the dynamics of chemical
transfer in general. The potential exist to expand this
work to also investigate how oils on skin affect
transfer and how chemical transfer varies based on age
and condition of skin. This work can later be extended
to estimate the adherence of other materials (e.g.,
nanoparticles, anthrax) to the skin for other health
applications. By first using the chamber in the study of
soil adherence and comparing to other studies, we are
also demonstrating the performance of this newly built,
state of the art chamber.  
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