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Yuuya Nagaashit* and Akiko M. Nakamura 

The cohesive force of asteroid particles is a crucial parameter in microgravity. The cohesive force was evaluated 
under the assumptions of lunar regolith and proportionality to particle size; however, it is sensitive to particle 
shape. In this study, cohesive-force measurements of meteorite fragments and aggregates consisting of silica 
microspheres revealed that the cohesive force is independent of the sizes of the fragments and aggregates as 
well as of the fragment preparation methods. The cohesive forces of the asteroid particles were found to be 
orders of magnitude smaller than previously predicted, explaining the high mobility of asteroid surface particles 
identified by space exploration. 

INTRODUCTION 
Cohesive and adhesive forces between similar and different types of 
particles, respectively (hereinafter, we use "cohesive" even if "adhe­
sive" is more appropriate), are key to understanding the initial stages 
of planetary formation , evolutionary processes of small airless 
bodies, and eolian processes on planetary bodies. The cohesive 
force substantially affects coagulation processes, from submicrom­
eter-sized grains to kilometer-sized planetesimals (1), and may be 
the dominant force influencing particles on small bodies in a micro­
gravity environment (2). The cohesive force affects the size at which 
particles become suitable for migration on the surface owing to 
pressure from the gas from a spacecraft or seismic wave accelera­
tions from impacts (3) . It also affects the porosity of the surface 
related to the impact cratering efficiency and thermal inertia (4), 
the sampling efficiency in exploration missions (5), and the defor­
mation and failure modes of rubble-pile asteroids along with accel­
erated rotation (6, 7). The cohesive force also affects the wind 
friction threshold speed for particle movement on planetary 
bodies (8, 9) . 

In theoretical descriptions of forces, such as the van der Waals 
forces (10) and the pull-off force of the Johnson-Kendall-Roberts 
(11) and Derjaguin-Muller-Toporov theories (12) for two macro­
scopic spheres, the force is proportional to the particle size, which 
has been experimentally confirmed for micrometer-sized spheres 
(13). However, direct measurements of the cohesive force of irreg­
ularly shaped meteorite fragments and glass spheres tens of micro­
meters in size have shown that the cohesive force is orders of 
magnitude smaller than theoretical predictions owing to the particle 
shape and surface roughness (14) . 

Direct measurements (14) were conducted under ambient con­
ditions using fragments produced by crushing meteorite pieces 
using a mortar and pestle. However, the cohesive force is expected 
to be affected by the measurement conditions and changed under 
heat or evacuation conditions (15, 16). Moreover, the actual asteroid 
particles are formed by impact fragmentation (1 7) or thermal 
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fatigue (18) . The difference in the formation processes may result 
in asteroid particles with different shapes and cohesive forces. 

The dependence of the cohesive force on the fragment size is ex­
perimentally unconstrained, and it remains difficult to estimate the 
cohesive force of the asteroid particles based on previous measure­
ments. To address these issues, we directly measured the cohesive 
force of particles against smooth slides using the centrifugal 
method (14, 19, 20) . The particles were Allende and Tagish Lake 
carbonaceous chondrite fragments (micrometers or tens of micro­
meters in size) produced by mortar and pestle or projectile impact 
or aggregates (tens of micrometers) consisting of submicrometer­
sized silica spheres as samples with well-characterized surface struc­
tures. Measurements were also conducted under evacuated condi­
tions or after heating to observe these effects. 

RESULTS AND DISCUSSION 
We evaluated the shapes of the meteorite fragments using optical 
microscopy and confocal laser scanning microscopy with spatial 
resolutions of micrometers and submicrometers, respectively. We 
found no substantial differences according to fragmentation 
method (tables S3 and S4). There was no significant difference in 
cohesive-force measurements among fragments of the same mete­
orite, even if different fragmentation methods were used, according 
to a Mann-Whitney U test (P = 0.28 and 0.47, Allende and Tagish 
Lake meteorites, respectively, values that are much larger than 0.05). 
However, the cohesive force of the Allende fragments was several 
times greater than that of the Tagish Lake fragments (Fig. lA). Scan­
ning electron microscope (SEM) images revealed fine structures on 
the surface of Tagish Lake fragments that would not have been de­
tected at the resolution of the optical profi.lometry described above 
(fig. Sl). These results suggest that the cohesive force is controlled 
by the surface structures at submicrometer or smaller scales, regard­
less of the fragmentation method. Furthermore, the measurements 
confirmed that after heating, the cohesive force increased by ap­
proximately three- to fo urfold (fig. S6). Heating reduces the 
amount of adsorbed water molecules and increases the proportion 
of silanol groups on the surface (21); thus, hydrogen bonding 
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Fig. 1. Cohesive force of particles. (A) Measured cohesive force of Allende and Tagish Lake meteorite fragments, prepared by a mortar and pestle or projectile impact, 

against a smooth glass slide under ambient conditions. The fitted curves were obtained on the basis of Eq. 3; the fitting parameters are summarized in table 55. (B) 

Measured cohesive force of tens-of-micrometer-and micrometer-sized Allende fragments against a stainless steel slide under ambient conditions. The value of the large 

fragments is approximately twice greater than that against the glass slide in (A), which might be consistent with the trend that the Hamaker constant of metals is greater 
than that of silica ( 70). (C) Schematic diagram of the contact states of meteorite fragments of different sizes against slides inferred from the cohesive-force measurements. 

The left fragment represents tens-of-micrometer-sized fragments at 1 9E, the middle fragment represents micrometer-sized fragments at 1 9E, and the right fragment 
represents micrometer-sized fragments at 8 x 104 9E• (D) Comparison of the measured cohesive force of aggregates tens of micrometers in size consisting of submi­
crometer-sized silica spheres against a glass slide under ambient conditions and the cohesive force estimated by the relationship obtained for the micrometer-sized silica 

spheres (73) based on the size distribution of the constituent spheres. Solid curve indicates measurements, dashed curve indicates predictions, and thin dotted curve 
indicates three times the prediction. 

between the silanol groups may have been responsible for the 
greater cohesive force (15). 

The measured cohesive force of the micrometer-sized meteorite 
fragments was approximately one-third that of the tens-of-micro­
meter-sized meteorite fragments. However, when we measured 
the cohesive force of the micrometer-sized fragments after pressing 
them against a slide at a centrifugal acceleration of approximately 
8 x 104 gE (where gE is the acceleration of Earth's gravitational ac­
celeration), the difference due to size differences was no longer sig­
nificant (P = 0.94; Fig. lB) . It is unlikely that plastic deformation 
leading to an increased cohesive force (20) occurred during press­
on (see Materials and Methods) . We interpret this increase in cohe­
sive force as the result of micrometer-sized particles contacting the 
slide at a single point under 1 gE, whereas at 8 x 104 gE, the particles 
contacted the slide at approximately three points, as occurs with 
particles tens of micrometers in size under 1 gE (Fig. 1 C) (14, 22). 
This interpretation was supported by our aggregate measurements. 
The measured cohesive force of the tens-of-micrometer-sized ag­
gregates was close to threefold that of the submicrometer-sized 
silica spheres that comprise the aggregates (Fig. ID). This was esti­
mated based on the relationship obtained for the micrometer-sized 
silica spheres (13). These results suggested that the cohesive forces 
of the meteorite fragments and aggregates were determined by their 
surface structures. Given that the cohesive force of silica aggregates 
could be expressed in terms of the size distribution of submicrom­
eter-sized silica spheres and the empirical relationship between co­
hesive force and sphere diameter, it is possible that the cohesive 
force of the meteorite fragment also depends on the grains 
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comprising the fragments, whether the grains are coarse or fine. 
Generally, meteorite constituent grains tend to be finer if they 
have experienced aqueous alteration, and coarser if they have expe­
rienced thermal alteration (23). Moreover, meteorites with a larger 
fraction of fine-grained matrix exhibited a weaker cohesive force. In 
comparison, meteorites with a larger fraction of molten grains 
(chondrules), or those that have undergone melting or severe 
thermal alteration (eucrite and petrologic type 6 chondrite), 
exhibit cohesive forces similar to those of terrestrial silica sand par­
ticles (Fig. 2), and the forces are larger compared to those of mete­
orite fragments with little or gentle thermal alteration (14). Thus, 
the cohesive force of meteorite fragments may be determined by 
whether the constituent grains are coarse or fine, reflects their evo­
lutionary process, and is constant with respect to the fragment size 
(14) unless plastic deformation occurs (i.e., it is not proportional to 
the fragment size). Alternatively, a model based on a self-affine 
fractal surface down to the nanoscale showed that cohesive force 
was independent of particle size (22); however, the spatial resolution 
of measured data of the roughness of the meteorite fragments was 
only at the submicrometer scale, and it is not known whether 
roughness features at scales larger than the submicrometer scale 
can be extrapolated to the scale of the fine-grained matrix for chon­
drite particles that did not experience planetary differentiation and, 
to some extent, retained the primary texture of the mineral assem­
blage (23). 

If we neglect the effect of the grain shape, based on the measured 
cohesive force of silica spheres proportional to the reduced particle 
radius (13), the typical grain radius, or asperity radius, of the 
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Fig. 2. Cohesive forces of meteorite fragments and abundance of matrix in 
the meteorites. Open symbols and dashed error bars indicate measurements 
under ambient conditions. The Tagish Lake and Allende meteorite values were ob­
tained in this study; all other values are based on a previous study (14) . The cohe­
sive force per contact point between particles was corrected by one-half [because 
values obtained using the centrifugal method were measured between a particle 
and a slide (10-13)] and one-third (because particles of tens of micrometers in size 
were in contact with a slide at approximately three points, as shown in Fig. 1, B to 
D) . Matrix abundance values were obtained from previous studies (23, 53). Plots 
and error bars represent typical values and the range of the cumulative number 
fraction corresponding to 0.25 to 0.75, calculated by fitting Eq. 3 to the measure­
ments, respectively. Closed symbols and solid error bars represent cohesive forces 
3.5-fold greater than those measured under ambient conditions (see Materials and 
Methods). The values are summarized in Table 1. 

particle surfaces Rasp can be calculated from the typical cohesive 
force Fmeas measured under ambient conditions with a high proba­
bility of three-point contact for particles that are tens of microme­
ters in size (table S5), based on (Fmeas/3) / Rasp = 0.18 N/ m. In 
Table 1, we summarize the values of Rasp, which ranged from 0.06 
to 0.4 µm . The typical sizes of silicate matrix grains found in the 
carbonaceous chondrites ALHA 77307 (CO3.0), QUE 99177 
(CR2), MIL07687 (unclassified) , and Acfer 094 (unclassified) are 
0.1 to 0.2 µm (24). The size range of the majority of individual 
grains in chondritic porous interplanetary dust particles is - 0.050 
to 0.2 µm (25) . The Rasp and sizes of these grains were comparable. 
However, the fragments for which cohesive force measurements 
were conducted in this study included components other than 
the matrix. 

The cohesive force of particles on the surface of asteroids has 
conventionally been estimated on the basis of the van der Waals 
force for spheres, which is proportional to the particle size, and 
the Hamaker constant oflunar regolith particles (2, 3). Alternative­
ly, on the basis of the values of ordinary chondrite and carbona­
ceous chondrite fragments after heating in Table l, we assume 
that the cohesive forces per contact point between S- and C-type 
asteroid particles are 0.02 to 0.06 µN and 0.07 to 0.1 µN, respective­
ly, and are independent of fragment size as long as plastic deforma­
tion does not occur. 

The number of contact points between particles depends on the 
ratio between the gravitational and cohesive forces or the Bond 
number (2, 4). Micrometer- and tens-of-micrometer-sized particles 
deposited under the Earth's gravity contact the slide at approxi­
mately one and three points, respectively (Fig. l, B to D), suggesting 
that the millimeter scale is the lower particle size limit at which 
three-point contact occurs on subkilometer-sized bodies (see Mate­
rials and Methods) . We considered the total cohesive force of the 
particles on the bodies to be three times the cohesive force per 
contact point. However, particles larger than tens of centimeters 
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in diameter may deform plastically under their weight, and their 
cohesive force may increase with weight. 

Compared to the previous assumption that the cohesive force is 
proportional to the particle size (3) , the total cohesive force per frag­
ment proposed in this study is of smaller magnitude orders 
(Fig. 3A), suggesting that particles on a small body are much 
more mobile than previously expected when subjected to perturb­
ing forces (e.g., due to seismic wave accelerations by impacts) . When 
we evaluated the mobility of particles on a small body in terms of the 
pressure (e.g., of gasses) required to overcome gravity and the cohe­
sive force [(3); see Materials and Methods], the calculated pressure 
based on the cohesive force proposed in this study was minimal for 
particles as small as 1 cm, which was also lower than previously ex­
pected (Fig. 3B). Evidence of mass transfer has been found on the 
asteroids Itokawa, Ryugu, and Bennu (26-28). Spacecraft contact 
with the surface of Bennu revealed near-zero interparticle cohesion 
(29, 30) . The size of particles covering the lower areas of Itokawa 
(26), ejected from Bennu (31), and ejected during sample collection 
and rover hops on Ryugu (32) ranged from the millimeter to centi­
meter scale, from <l to 10 cm, and the centimeter size, respectively. 
The estimates determined in this study were consistent with these 
observations. 

A 
-- {in1v1ty(C"""J 
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Fig. 3. Low cohesive force and high surface mobility of asteroid particles. (A) 
Comparison of gravity and cohesive forces acting on particles on the surfaces of C­
and S-type asteroids with a diameter of 0.5 km. Dashed lines indicate gravity. Gray 

solid line indicates a cohesive force proportional to particle size. Blue and red solid 
lines indicate threefold those of typical cohesive forces per contact point listed in 

Table 1. We assumed that typical cohesive forces for C- and S-type asteroids were 
the averages for carbonaceous and ordinary chondrites, respectively. Filled areas 
represent the predicted range of the cohesive force for particles with averaged 
typical cohesive forces. The range of the cohesive force corresponding to a cumu­
lative number fraction of 0.25 to 0.75 was approximately 0.28 to 1.5 times the 
typical cohesive force on average (Table 1 ). Dotted lines indicate the predicted co­
hesive forces, considering plastic deformation due to the particle's weight. (B) 

Pressure required to overcome gravity and cohesive force [(3), Eq . 9]. Dashed 
curves indicate the case of the cohesive force proportional to the particle size. 
Solid curves indicate the case of the cohesive force obtained in this study (see Ma­
terials and Methods) . 
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Table 1. Rasp and cohesive force per contact point for meteorite 
fragments after heating. 

Asperity Cohesive force 

Rasp Typical Range 
(µm) (µN) (µN) 

Tagish 
0.020 

0.0039-
Lake 

0.063 
0.033 

Carbonaceous . 
0.044 

0.015-
Murchison 0.14 

chondrites 0.064 

0.059 
0.011-

Allende 0.19 
0.096 

NWA 539* 0.065 
0.0,3-

0.21 
0.10 

Ordinary NWA 1794' 0.069 
0.023-

0.22 
0.11 chondrites 

NWA 542* 0.12 
0.038-

0.38 
0.17 

Millbillillie' 0.082 
0.029-

Achondrite 0.26 
0.12 

*On the basis of the measurements of a previous study ( 14). 

MATERIALS AND METHODS 
Preparation of particles 
We examined two carbonaceous chondrite samples from Tagish 
Lake (C2-ung) and Allende (CV3) . We prepared micrometer­
sized and tens-of-micrometer-sized meteorite fragments . The 
former was prepared only for the Allende meteorite. The meteorite 
pieces were crushed using an agate mortar and pestle. We used 
sieves to eliminate particles > 75 and <25 µm in size for the tens­
of-micrometer-sized samples, and >16 and <5 µmin size for the 
micrometer-sized samples (hereinafter referred to as "small"). We 
also collected samples of ejecta fragments arising from projectile 
impact on the pieces. Low-velocity (0.129 to 0.136 km s- 1) impact 
experiments were conducted at ambient pressure using a helium gas 
gun installed at Kobe University and 118-inch stainless steel spher­
ical projectiles. High-velocity (2.85 to 2.92 km s- 1) impact experi­
ments were conducted at reduced pressure (a few pascals) using a 
two-stage hydrogen gas gun at the Institute of Space and Astronau­
tical Science and 1-mm aluminum spherical projectiles. The exper­
imental conditions are listed in table Sl. Ejecta fragments were 
recovered in acrylic containers. The fragment size was limited to 
25 to 75 µm and prepared using the same procedure as that 
applied for the ground particles. The SEM images of the sample sur­
faces are shown in fig. Sl. The Tagish Lake samples had much finer 
surface structures than the Allende samples, whether crushed by 
mortar and pestle or by impact. 

For a sample with a known surface structure, we used aggregates 
of polydisperse silica spheres (Admatechs Co. Ltd.) with a density of 
2.26 g cm-3 (manufacturer's information). The cumulative number 
fraction of the diameters of the 186 spheres measured in the SEM 
images is shown in fig. S2. The diameters were in the range of 0.1 to 
1 µm, with a median of 0.44 µm . It is possible to prepare aggregates 
of mesh size or smaller by sieving them (33, 34) . We prepared ag­
gregates using a sieve with a mesh size of 106 µm and selected ag­
gregates tens of micrometers in size for the measurements. 
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The cumulative number fraction of the equivalent circular diam­
eter of the samples measured from the optical microscope images is 
shown in fig. S2. The Tagish Lake and Allende have grain densities 
of2.72 and 3.56 g cm-3, respectively (14, 35), and the bulk porosities 
of their hand-sized samples are 40 and 22% on average, respectively 
(35, 36). We used the grain density literature value for each meteor­
ite as its upper fragment density limit. We assumed a bulk density of 
0.84 g cm - 3 for the aggregates according to the previously reported 
average filling factor for silica sphere aggregates from the sub­
millimeter to millimeter scale (33, 34). The median equivalent cir­
cular diameters and densities of the samples are presented in 
table S2. 

Shape of particles 
We obtained the axial ratio and circularity of the samples to char­
acterize and compare the shape of fragments using the optical mi­
croscope images with a spatial resolution of 1.3 or 0.66 µm pixel- 1 

using ImageJ software (37) in experiments different from those of 
cohesive-force measurements. We obtained the axial ratio (Ax = bl 
a), that is, the length ratio of the minor axis b to the major axis a 
when the two-dimensional (2D) projection of the particle is approx­
imated as an ellipse. We also obtained circularity (C = 4rrSIL 2 ), 

where S is the projection area and L is its perimeter. Because circu­
larity depends on the spatial resolution of the image (14), it was 
based on measurements obtained at a spatial resolution where the 
2D projected area of the particle corresponded to 103 to 5 x 103 

pixels. Table S3 presents the average, SD, and median values of 
the axial ratio and circularity of the particles. The axial ratios of 
the meteorite fragments , including the ejecta fragments , ranged 
from 0.71 to 0.75, similar to the bla ratios of meteorite fragments 
reported in a previous study as well as basalt impact fragments, 
Itokawa particles, and Itokawa, Eros, and Ryugu boulders (14). 
The axis ratio of the aggregates was slightly higher, with an 
average value of 0.79. The circularity of meteorite fragments and 
aggregates ranged from 0.73 to 0.78. These circularity values are 
similar to those of fine basalt impact fragments (14). 

We obtained the surface morphologies of one or two particles 
from each sample using a confocal laser scanning microscope 
(LEXT OLS3100) with horizontal and vertical resolutions of 0.125 
and 0.01 µm, respectively. We also obtained the values for the 
smooth glass slide used to measure the cohesive force. The 
surface morphologies of the particles obtained from each sample 
are shown in fig. S3A. We randomly extracted two to three line 
scans from each surface profile and calculated the arithmetic 
mean roughness (R.) for each scan of 20-µm length, as described 
in a previous study (14). The samples of the line scans are shown 
in fig. S3B. The line scans of an Allende ground fragment and 
silica sand particle of similar size (14) are also shown for compari­
son. The Ra value of the glass slide was 3 nm. The surface asperity of 
the stainless steel slide is on the order of a few nanometers (manu­
facturer's information). The silica spheres constituting the aggre­
gates were too small to be assessed for roughness using the 
confocal laser microscope; however, the surface appeared smooth 
even in the SEM image (- 4 nm per pixel, fig. Sl). The R. values 
of the meteorite fragments and aggregates were at the submicrom­
eter scale, whereas those of the silica sand particles were on the 
order of tens of nanometers (14) . The silica sand particles and 
slides differed in R. by orders of magnitude, and the differences 
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among meteorites and aggregates were not substantial. The mean R. 
values and SDs are listed in table S4. 

Heating of particles 
We measured the cohesive force after the samples were heated to 
remove any water molecules absorbed on the particle surfaces 
under ambient conditions. Because meteorites can be altered by 
heating, we conducted simultaneous thermal analysis using a ther­
mogravimetry/ differential thermal analyzer (TG-DTA) (Rigaku 
Thermo plus EVO). The Allende and Tagish Lake samples (13.9 
and 15.7 mg, respectively) were placed in a platinum container, 
with an empty container used as a reference, and the containers 
were heated simultaneously in dry air at a rate of 5°C min- 1 to 
300°C and then at a rate of 10°C min- I to 600°C. By simultaneously 
measuring the change in the sample mass and temperature differ­
ence from the reference (to detect an exothermic or endothermic 
reaction), we checked for the presence or absence of a material 
change at each temperature. On the basis of these results, we deter­
mined the heating temperature required to remove adsorbed water 
molecules from the Allende and Tagish Lake samples while avoid­
ing alteration. 

The weight change rates of the Allende and Tagish Lake samples 
measured using TG-DTA are shown in fig. S4. As the temperature 
increased, the Allende sample began to lose mass; it reached a 
minimum at 200° to 300°C and then began to gain mass and gen­
erate heat above 400°C. The initial loss of mass was attributed to the 
removal of adsorbed water molecules; the total mass lost was 0.02 
mg, which corresponds to a volume of - 0.027 cm3 for water mole­
cules assuming an ideal gas at 1 atm and 25°C. Thus, a volume of 2 
cm3 was lost per gram, which is similar to the amount of water vapor 
adsorbed in the previous study (14). The subsequent increase in 
mass may have been caused by sample oxidation, as observed 
during heating of the lunar regolith (38). In contrast, the Tagish 
Lake sample exhibited an endothermic reaction at approximately 
60°C and lost several 10-fold more mass than the Allende sample 
before reaching 300°C. At temperatures above 400°C, the sample 
begins to lose more mass in an endothermic reaction. The former 
loss of mass may have included the removal of adsorbed water mol­
ecules and dehydration of interlayer water, as observed during the 
heating of saponite (39) . The latter loss of mass may have corre­
sponded to hydroxyl release from layer silicates and CO2 release 
from carbonates at 2:400°C (39). To avoid the effects of oxidation 
and thermal decomposition, we set the heating of the meteorite 
fragments for cohesive force measurements to temperatures below 
400°C, i.e., 120°, 250°, and 330°C. However, interlayer water dehy­
dration can occur in Tagish Lake samples at 2:60°C. The DTA 
signals changed when the heating rate was switched at 300°C, 
which might indicate irreversible changes in the samples. 
However, a previous study of DTA of Allende meteorite at a 
heating rate of 80°C min-I showed no signal change at - 300°C 
(40) . We did not conduct TG-DTA for aggregates consisting of 
silica spheres but heated them at 330°C for 24 hours for cohesive­
force measurements, thereby matching the duration, and with an 
even higher temperature than in a previous study that investigated 
the effect of adsorbed water molecules on the tensile strength of ag­
gregates consisting of silica spheres (16) . 
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Cohesive-force measurements of particles 
In this study, we measured the cohesive force between a particle and 
circular optical glass (20 mm in diameter) and a polished circular 
stainless steel plate of 8 mm in diameter (slides) using a centrifugal 
method (14, 19, 20) . This method allowed us to directly and simul­
taneously measure the cohesive forces of irregularly shaped particles 
to obtain statistical data. 

All measurements started with particles deposited on the slide in 
open air at 25 to 50% relative humidity. We observed that deposition 
while using an ionizer to reduce the effects of electrostatic charging 
did not substantially affect the results. For some samples, the parti­
cles were subsequently evacuated (- 10 or 10-3 Pa) or heated. The 
heating conditions were determined, as described in the previous 
section. A schematic of the cohesive force measurement configura­
tion for reduced pressure is shown in fig. S5. The volume enclosed 
by the valved mini-vacuum chamber and glass slide was evacuated 
at room or elevated temperatures. The valve was closed, and vacuum 
was maintained during the cohesive force measurement. Heating 
was performed using a hot plate, as shown in fig. S5. As we could 
not measure the heating temperature along with the cohesive force 
owing to space limitations on the glass slide and in the mini-vacuum 
chamber, we conducted a calibration experiment. We measured the 
temperature of the glass slide surface without placing the fragments. 
The slide attached to the chamber was heated on the hot plate, and 
the temperature was measured using a digital thermometer based 
on a K thermocouple sensor. The equilibrium temperatures on 
the slide reached approximately 120°, 250°, and 330°C within a 
few tens of minutes after switching on the heater at different set­
tings. As shown in table S5, the heating duration including the 
rise time was 1, 24, or 48 hours. 

Optical microscopy images of the particles on the slide were ac­
quired, as shown in fig. S5. Next, we placed the slide in a centrifuge 
and applied centrifugal force to it in the direction in which the par­
ticles were pulled off vertically. The slide was then gently removed 
from the centrifuge tube. Optical microscope images were taken at 
the same location after centrifugal force was applied (fig. S5) . We 
replaced the slide in the centrifuge and applied greater centrifugal 
force. The procedure was repeated as the centrifugal acceleration ~ 
of the particles was increased from 1 x 101 to 3 x 103 gE (gE is the 
acceleration of the Earth's gravity) in 7 to 10 steps using a tabletop 
centrifuge (Kubota KN-70) . For evacuated or heated measurements, 
we placed a pair of mini-vacuum chambers with valves in the cen­
trifuge and captured microscope images from outside the chamber 
using a mini-vacuum chamber jig developed for this study (fig. S5). 
For small particles (micrometer scale), we used a floor-standing 
micro-ultracentrifuge (himac CSlS0FNX) to apply~ of 1 x 103 to 
6 x 105 gE to the particles. We used only stainless steel slides because 
large accelerations can fragment glass slides. 

If a particle is small and its gravity is small compared with the 
cohesive force, the particle may stick unsteadily when it comes into 
contact with a slide. Therefore, we pressed particles onto a slide 
using centrifugal force prior to the cohesive force measurements 
(20) and measured the cohesive force after pressing small Allende 
fragments against a stainless steel slide under a centrifugal acceler­
ation of approximately 8 x 104 gE· 

The mass M of each particle used to calculate the centrifugal 
force was estimated using the a-axis length of each particle, as mea­
sured in the optical microscope images, and the particle density Pp 
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(table S2), as follows 

(1) 

where <Pv is a shape-dependent coefficient. The previously ob­
tained average <Pv values were 0.12 and 0.08 for meteorite fragments 
(average axial ratio A x = 0.72) and glass particles (average A x = 0.58), 
respectively (14). Using the two data points and (A x, cpv) = (1, rr/6), 
we derive the following empirical relationship 

m = ~e(-4.76± 0.32)(1-A,) 
T y 6 (2) 

We assumed that <Pv = 0.19 for aggregates, with A x = 0.79 on 
average. There was approximately 40% uncertainty in <Pv, consider­
ing the uncertainty in the axial ratio, up to a few tens of percent un­
certainty in Pr for meteorite fragments depending on whether it is 
close to the grain density or the bulk density of meteorite, and a 14 
to 15% uncertainty in Pr for aggregates (33, 34); thus, an uncertainty 
of up to approximately 50% in the single-particle mass was 
expected. 

As reported in a previous study (14), the cohesive force between 
a particle and slide was determined as M ~, where ~; is the 
maximum centrifugal acceleration at which the particle remains 
on the slide and ~ i+ I is the centrifugal acceleration at which the par­
ticle no longer remains on the slide. Owing to the uncertainty in the 
particle mass and acceleration derived from the geometric mean of 
the two values, 50% or more uncertainty in the single-particle co­
hesive force was expected. In this study, we measured the cohesive 
force of at least 88% of the particles in each sample type. Table S5 
summarizes the number and measured number fraction of the 
particles. 

Measured cohesive force under heated and evacuated 
conditions 
Figure S6 shows the cumulative number fractions f of the measured 
cohesive force, Fmeas, against a glass slide under various conditions 
for the Allende, Tagish Lake, and aggregate samples. Cohesive force 
data were plotted starting at 10-3 µN at intervals of vis and fitted 
with the following equation (14) 

f (< F ea ) = l _ ex {-(Fmeas - FmeasO) 'i'Fmm } 
Fmm m s p F 

meas 
(3) 

where Fmeas is a typical value of Fmeas> 'VF mm is a parameter charac­
terizing the width of the distribution, and F measo is a threshold pa­
rameter set to the minimum value of the measurements. Table S5 
summarizes the values of each parameter. The cohesive force was 
affected by heating before the measurements, although no clear de­
pendence on heating temperature or duration was observed. The 
measured cohesive force of the Allende fragments and aggregates 
after heating was approximately three- to fourfold larger for Fmeas 

than at ambient temperature. This was consistent with the two- to 
threefold increase in cohesion observed in direct shear tests for sand 
and silica under heating and evacuating conditions (41-43) and the 
.::;?-fold increase in the surface energy of silica obtained by the 
unified measurement method in previous studies (15). However, 
the increase was smaller than the previously estimated .::;10-fold 
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increase in surface energy based on the tensile strength measure­
ments of aggregates consisting of silica spheres (16). The larger in­
crease reported in previous studies may be attributable to the 
uncertainty of the relationship between the tensile strength and co­
hesive force . 

The measured cohesive force of the Tagish Lake meteorite frag­
ments was also approximately three- to fourfold larger after heating 
than at ambient temperature. To explore the possibility that the 
removal of interlayer water at these temperatures affects the cohesive 
force of the Tagish Lake fragments , we conducted two additional 
heating measurements. The first was performed on Tagish Lake 
fragments that were heated at 250°C for 1 hour, cooled to 
ambient temperature in ambient air, and then deposited on a 
glass slide. The second measurement was performed after the frag­
ments used in the first measurement were reheated to 250°C for 
1 hour. As shown in fig. S6, in the former experiment, the measured 
cohesive force was not significantly different from that obtained 
without heating (Mann-Whitney U test, P = 0.13). This may be 
because the surface chemistry of the slide and fragments was 
reset. In the latter experiment, the measured cohesive force was in­
creased. Therefore, even if the interlayer water was lost due to 
heating, cohesive force was not substantially affected. Table 1 sum­
marizes the 3.5-fold cohesive force under ambient conditions, that 
is, the values obtained after heating. 

Plastic deformation of particles 
If we assume Hertzian contact mechanics (44), when two elastic 
bodies in contact with each other had surface asperity radii R asp! 

and R aspz, Young's moduli E 1 and E 2, and Poisson's ratios v1 and 
v2 were compressed against each other by a force F, the resulting 
maximum contact pressure P max was as follows 

_ ( 6FE*2 
) 

113 

Pmax - 3R 2 
TI asp 

(4) 

1 1 - v/ 1 - v/ 
-=--+-- (5) 
E* E1 E2 

1 1 1 
-=-+ - (6) 
R asp R asp I Rasp2 

where we assume that R asp! is 0.2 µm for small Allende fragments 
with an a-axis length of 6 µm. We assume only one point of contact 
with the slide. We used 73 GPa and 0.17 [vitreous silica: (45)] as the 
Young's modulus and Poisson's ratio, respectively, for the frag­
ments, and 191 GPa and 0.3 [stainless steel: (46)], respectively, as 
those for the slide. Substituting F = M~, where M is one particle 
mass (Eq. 1), the Pmax of the small Allende fragments pressed on 
the stainless steel slide at ~ = 8 x 104 gE is estimated to be - 1 
GPa. Because it does not exceed the theoretical strength of silica 
glass of 24 GPa ( 47), the increase in cohesive force due to press­
on for small Allende fragments is due to the increase in contact 
points rather than plastic deformation. Furthermore, we observed 
that the cohesive force of Murchison meteorite fragments tens of 
micrometers in size, measured under ambient conditions, remained 
largely unchanged regardless of whether they were pressed against a 
glass slide at ~ = 5 x 103 g£. If they had a contact area similar to that 
of the Allende fragments, they would have been subjected to greater 
pressure than the small Allende fragments; however, the cohesive 
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force did not change, suggesting that plastic deformation 
was absent. 

Cohesive force of particles on small bodies 
A previous study assumed a van der Waals force between two mac­
roscopic spheres to be the cohesive force (3). Figure 3A shows the 
van der Waals force (10) 

A dp 
Fvow = 12t2 2 (7) 

and gravity ifwe ignore the effect of the asteroid's rotation for sim­
plicity 

F = npl/ (4nGpa) da 
g 6 3 2 

(8) 

acting on a spherical particle with diameter dP on spherical C-type 
and S-type asteroids with diameters da = 0.5 km. We assume the 
Hamaker constant was A = 6.5 x 10-20 J, the distance between par­
ticle surfaces wast= 3 x 10- 10 m for glass (48), and a single contact 
point between particles. In the equation, G is the gravitational cons­
tant, Pa is the bulk density of the asteroid, and Pp is the bulk density 
of the particle. We assumed that the Pa values of the C- and S-type 
asteroids were 1190 kg m-3 (30, 49) and 1900 kg m-3 (50), respec­
tively, and that the Pr values of the C- and S-type asteroid particles 
were 1640 kg m-3 [Tagish Lake: (35)] and 3220 kg m-3 [average for 
LL chondrites: (51)], respectively. Figure 3A also shows our pro­
posed cohesive forces of particles on small bodies, using the 
values listed in Table 1. The surface chemistry of the particles 
may be affected by space weathering processes and is not well 
known (52); however, even if the cohesive force is greater than 
that we proposed, the increase is likely to be at most an order of 
magnitude, given the range of measured surface energies under 
various conditions (15). As shown in Fig. 3B, when a particle on 
the surface is subjected to pressure, such as gas pressure, in the 
cross-sectional area, the pressure p required for the particle to over­
come gravity F8 and cohesive force Fe and thus become separated 
from the surface can be written as in a previous study (3) as follows 

(9) 

From the results shown in Fig. lB, it is likely that, under Earth's 
gravity, -6O-µm Allende meteorite fragments and aggregates were 
in contact with the slides at roughly three points, and -6-µm 
Allende meteorite fragments were in contact with the slide at one 
point. The median masses of these particles were approximately 
1 x 10- 10, 0.6 x 10- 10, and 1 x 10-13 kg, respectively, with the 
Bond number B0 = FelF8 calculated as approximately 0.03, 0.01, 
and 2 x 10-5, respectively, assuming Fe is 1/ 3Fmeas for the - 6O­
µm particles and Fmeas for the - 6-µm particles, respectively. This 
result suggests that a value of B0 greater than 0.01 would result in 
approximately three contact points on the surface, whereas a value 
of B0 less than 2 x 10-5 would result in a single contact point. The 
former situation corresponds to particles ~l mm in size on subkil­
ometer-sized asteroids, using the cohesive force listed in Table 1. 
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The plastic deformation of the particles can lead to a greater co­
hesive force. We considered the possibility of plastic deformation on 
asteroids using the typical radius of the surface asperity Rasp in 
Table 1. Assuming for simplicity that Rasp! = Rasp2 ,::; 0.2 µm and 
F = n/6pPd3g, where dis the particle diameter, g is the gravitational 
acceleration on the surface of an asteroid, and particles are held on 
the surface at N contact points, Eq. 4 can be rewritten as follows 

15 ( d ) ( Pp ) 1/3 ( g ) 1/3 P ~ - -- --~- --- GPa 
max N 10 cm 2500 kgm- 3 10- 4 ms- 2 

(10) 

where Young's modulus and Poisson's ratio of the particles were 
assumed to be 73 GPa and 0.17, respectively [ vitreous silica: ( 45)]. 
This result suggests that the gravitational pressure on particles 
smaller than several tens of centimeters on the surface of a O.5-
km-sized asteroid does not exceed the theoretical strength of 
silica glass (24 GPa) ( 47). However, plastic deformation may 
occur in larger particles. We assume that the particles break up, in­
creasing the number of contact points (N), which reduces P max; in 
this case, N may increase in proportion to the applied force F. Thus, 
the cohesive force may increase in proportion to F. This hypothesis 
is supported by a previous study, which showed that the measured 
cohesive force of particles increases linearly with the preliminary 
applied force owing to plastic deformation (20) . Thus, Fig. 3A 
also shows that the cohesive force is assumed to be proportional 
to the third power of particle sizes above - 48 cm, which is the di­
ameter at which N = 3 and P max = 24 GPa. 

Supplementary Materials 
This PDF file includes: 

Figs. 51 to 56 

Tables 51 to 55 

Legends data S 1 to 54 

Other Supplementary Material for this 

manuscript includes the following: 

Data 51 to 54 
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