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Abstract 

Drilling and coring, as effective ways to obtain lunar regolith along the longitudinal direction, are widely applied in 

the lunar sampling field. Conventionally, modeling of drill-soil interaction was divided into soil cutting and screw 

conveyance processes, ignoring the differences in soil mechanical properties between them. To improve the mod-

eling accuracy, a hypothesis that divides the drill-soil interaction into four parts: cuttings screw conveyance, cuttings 

extruding, cuttings bulldozing, and in situ simulant cutting, is proposed to establish a novel model based on the 

passive earth pressure theory. An iterative numerical calculation method is developed to predict the drilling loads. A 

drilling and coring testbed is developed to conduct experimental tests. Drilling experiments indicate that the drilling 

loads calculated by the proposed model match well the experimental results. The proposed research provides the 

instructions to adopt a suitable drilling strategy to match the rotary and penetrating motions, to increase the safety 

and reliability of drilling control in lunar sampling missions.
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1 Introduction
Research on lunar regolith can enhance knowledge 

regarding lunar regolith composition and planetary his-

tory [1, 2]. Drilling systems are widely used for extrater-

restrial subsurface regolith sampling, because they are 

appropriate tools to acquire regolith samples while main-

taining their stratification along the longitudinal direc-

tion [3–5]. �e mission of Chang’e-5 lunar exploration 

project aims to obtain lunar subsurface regolith through 

a drilling and coring device, and return it to the Earth. 

�ough the mechanical properties of the lunar regolith 

obtained by the Soviet Union and the United States have 

been analyzed and reported in the literature, the regolith 

materials at a specific site are not known [6, 7]. �e drill 

tool should have operative performance to adapt to lunar 

regolith with different mechanical properties. �erefore, 

ground experiments must be conducted with the desired 

lunar regolith simulant to validate whether the drill tool 

can obtain an appropriate sample [1, 8]. �e modeling 

of the drill-simulant interaction simulates the drilling 

mechanism, which is used to predict drilling load, and 

represents a fundamental reference to eventually design 

an appropriate drill tool and develop a suitable drilling 

strategy [9].

�e finite element method (FEM) and discrete element 

method (DEM) have been used to develop the model of 

drill-soil interaction [9–12]. Because the FEM is a grid-

based method, it cannot deal well with large deforma-

tion and post-failure problems. It may suffer from mesh 

distortion, resulting in an inaccurate solution and failure 

of computational convergence [1, 2]. Although the DEM 

does not have that limitation, the high computational 

cost restricts DEM application to small-scale or short-

duration simulations [13].

Analytical models have also been used to predict the 

drilling load [9, 14–20]. �e analytical model of drill-soil 

interaction was developed using the screw conveyance 

theory and soil shear rupture principle. �e analysis of 

the soil rupture is based on the passive earth pressure 

theory, which has successfully been used to predict the 

bulldozing force [21, 22]. According to the shape and cut-

ting rake angle of the blade, different cutting models have 

been proposed to describe the soil rupture mechanism 

[23–26]. �ese theories can be used as a fundamental 
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reference for modeling drill-tool interaction. �e screw 

conveyance calculation, which is similar to the bulk solid 

screw conveyor design, can predict particle screw con-

veyance load and efficiency [27–29]. According to the 

screw diameters and the rotary speed of an auger, the 

centripetal force or the weight of particles are the main 

causes of auger conveyance [30, 31]. �e rotary speed is 

always less than 300 r/min, and the diameters of the drill 

tool are generally limited below 50 mm in extraterrestrial 

exploration. For such orders of rotary speed and diame-

ters, the weight of particles could be the main component 

that provides cuttings conveyance [30]. �is study mod-

els the screw conveyance process based on a quasi-static 

analysis. In addition, in a significant number of previous 

works, the drill-soil interaction was simply divided into 

screw conveyance and soil cutting processes. �e bound-

ary conditions and soil mechanical property differences 

between these two processes were ignored in previous 

modeling of the drill-soil interaction. �us, the calculated 

results, i.e., the summations of the screw conveyance load 

and soil cutting load, must either be further verified or 

only used in special situations.

�e authors’ previous experiments demonstrated that 

it is difficult to predict the drilling load accurately when 

only the screw-conveying load and soil shear rupture 

are considered during simulant drilling. �e simulant 

rupture is accompanied by simulant chip flow during 

simulant drilling, which may significantly influence the 

drilling load. �e boundary conditions and simulant 

mechanical property differences between the simulant 

cutting and the cuttings conveyance processes should 

be considered in the drill-simulant interaction model. In 

this study, according to the structure of the drill tool, the 

drill-soil interaction is divided into four parts: cuttings 

conveyance, chip extruding, chip bulldozing, and in situ 

simulant cutting. To simulate the drilling mechanism, a 

drill-simulant interaction model, considering the bound-

ary conditions and simulant density difference among 

these four parts, is developed to predict the drilling load. 

Drilling experiments are conducted to validate the pre-

sented model.

�e remainder of this paper is organized as follows. 

First, the lunar regolith simulant and drill tool used in 

this paper are introduced. �en, a simulant-cuttings 

conveyance analysis is presented. Next, a drill-simulant 

interaction model is developed to predict the drilling 

load. Finally, drilling experiments are conducted to vali-

date the proposed model and the results are presented.

2  Lunar Regolith Simulant and Drill Tool
To sample a lunar regolith along the longitudinal direc-

tion, it is necessary to design a special drill tool to adapt 

to the complex lunar environments. Ground drilling and 

coring experiments should be conducted with the lunar 

regolith simulant to validate the performance of the 

designed drill tool.

2.1  Lunar Regolith Simulant

The lunar regolith simulant was created using basaltic 

pozzolana collected from Nanjing, China. The min-

eral composition of pozzolana includes plagioclase, 

olivine, pyroxene, opaque mineral, and volcanic glass, 

which is similar to that of the lunar regolith from the 

Apollo 14 landing site [32]. The particle-size range of 

the simulant is 0.1–1  mm, and the median grain size 

is 0.41 mm [33]. According to the data on particle size 

distribution of lunar regolith, the particle size distri-

bution band of the simulant matches the actual lunar 

regolith [34, 35].

�e relative density of lunar regolith is generally low 

to medium in the shallow layer, and approaches the 

maximum value just 10–20 cm below the lunar surface 

[6, 36]. Additionally, for a drilling system, the regolith 

simulant with high relative density is the most challeng-

ing case in terms of over-head drilling load [37]. �ere-

fore, the dense regolith simulant may be more suitable 

to test the drilling device. �e dense simulant used in 

this paper was prepared by vibratory compaction. Phys-

ical property tests (following the SL237-1999 standard 

procedure [38]) reveal that the density, specific gravity, 

relative density, internal friction angle, and cohesion are 

2.14 g/cm3, 2.94 g/cm3, 98%, 35.1°, and 2.85 kPa, respec-

tively [33].

2.2  Drill Tool

To acquire the regolith samples along the depth direc-

tion, the drill tool is hollow, as shown in Figure  1, and 

consists of a drill bit and an auger. �e drill bit is used to 

crack the regolith and maintain the auger position. Four 

kentanium blades radially mounted on the drill bit are 

used to cut the regolith. �e screw of the auger is used 

to convey the chips to the lunar surface. A coring device, 

which has been introduced in the literature, is installed in 

the hollow auger [33]. Because there is no relative sliding 

between the regolith and coring device, this coring man-

ner can keep stratification of the regolith and has negligi-

ble effect on coring samples [39].

Drill bit Auger Blade

Figure 1 Drill tool
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3  Simulant Cuttings Conveyance Analysis
In the authors’ previous experiments, the simulant 

cuttings filled the auger groove when drilling the 

dense simulant samples with a rotary speed below 

200  r/min. However, the density of the chips varies 

with the drilling parameters (defined as a combination 

of penetrating speed and rotary speed in this paper) 

as shown in Figure  2. To explain this conveyance 

behavior, this section will analyze the screw conveying 

process, which is the foundation of the drill-soil inter-

action modeling.

�e screw conveyor design assumes that the fictional 

force created by the centrifugal force is the main com-

ponent that provides the forward motion of the particles 

[22, 31]. �e rotary speed is always lower than 300 r/min 

(the rotary speed of the CE-5 is limited below 200 r/min), 

and the diameter of the drill tool is generally limited 

below 50 mm (the diameter of the CE-5 is limited below 

32  mm) in the extraterrestrial exploration. With this 

order of the rotary speed and diameters, the centrifugal 

force may not be the main component that provides for 

the cuttings conveyance [30, 40]. �is paper models the 

screw conveying process based on a quasi-static analysis. 

In view of the reduced auger groove height and the low 

motion speed of the chips, the flow of the chips in the 

auger groove can be assumed to be in the ideal critical 

state:

(1) �e flow of the cuttings is uniform, and the cuttings 

do not exchange the position in the vertical direction;

(2) �e granular vortex motion is ignored.

�e in situ simulant is stirred by the drill bit into loose 

simulant cutting and conveyed to the surface where the 

drill tool begins to drill into the simulant. �e remain-

der is collected into the sampling device. �e penetrating 

motion is accompanied by the production of cuttings, 

and the rotary motion conveys the cuttings.

Based on the assumption of the chip flow, the kine-

matic analysis of the conveying action is depicted in Fig-

ure 3. According to the velocity diagram, the velocity of 

the simulant chips can be expressed as

where v is the velocity of the auger, vr is the relative 

velocity of the chips to the auger surface, vs is the abso-

lute velocity of the chips, ω is the angular velocity of the 

auger, n is the rotary speed of the auger, r1 is the radius 

of the auger, α is the helix angle of the auger, and β is the 

helix angle of the conveying path of the chips.

Solving Eq. (1) gives

where vl is the effective conveying component of the vs, 

and vt is the rotational component of the vs.

�e demand flux of cuttings conveyance under a pen-

etrating speed is given by

where vp is the penetrating speed, and r2 is the coring 

radius.

�e flux of cuttings conveyance capacity of the auger:

where hs is the thickness of the flight.

�e drilling device can drill into the simulant smoothly 

when the volume of the chips produced by penetration 

(VCP) equals or is lower than the volume of cuttings 

conveyance capacity (VCCC), otherwise the drill will be 

blocked by the chips. To ensure a healthy drilling, the 

critical state of the conveying process can be expressed as

where ρi is the density of the in  situ simulant, and ρd is 

the density of the chips.

(1)











vr =
v sin β

sin(α+β)
,

v = ωr1 = 2πnr1,

vs =
v sin α

sin(α+β)
,

(2)

{

vl =
v sin α sin β
sin(α+β)

,

vt =
v sin α cosβ
sin(α+β)

,

(3)Qp = πvp(r
2
1 − r22),

(4)Qe = [πr21 − π(r1 − hs)
2
]vl,

(5)ρiQp = ρdQe,

a Rotary speed: 200 r/min b Rotary speed: 85 r/min

Figure 2 Simulant chips in the auger groove under different drilling 

parameters (Penetrating speed: 85 mm/min)

α α β

v

v

vl

vsvr

vt

vrvs

Figure 3 Kinematic analysis of the conveying action
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To obtain β, the mechanical analysis of the convey-

ing action is carried out as shown in Figure  4. Ff3 has 

two components: friction between the chips and in  situ 

simulant, and cohesion of the chips. Because the chips in 

the auger groove are under a high-flow condition, they 

can be regarded as a Molerus I soil, and the cohesion of 

the chips can be ignored. In the ideal particle conveying 

action, the forces are in equilibrium condition:

where Ff3 is the frictional force between the chips and the 

in situ simulant, Ff1 is the friction force between the chips 

and the auger groove inner surface, Ff2 is the friction 

force between the chips and the auger blade, N is the sup-

porting force from the auger blade, N2 is the supporting 

force that is vertical to the interface between the chips 

and the in situ simulant, G is the gravity of the chips, φ 

is internal friction angle of the cuttings, and ϕ is the helix 

angle of the conveying path of the chips.

Solving Eq. (3) gives

where g is the gravitational acceleration, δz1 is the top 

normal stress as shown in Figure 5, δz2 is the bottom nor-

mal stress, δy is the lateral normal stress, h is the height 

of the auger groove as shown in Figure  5, and ds is the 

infinitesimal length along the helix of the auger.

To simplify the modeling process, the drill-soil interac-

tion model is developed in the critical state. According to 

Eqs. (2), (4), and (7), the conveyance analysis flowchart is 

shown in Figure  6: (1) using the parameters of the drill 

tool (as listed in Table  1), drilling parameters, and the 

shear strength of the simulant as inputs, calculate Qp, 

(2) assign the initial value of ρd, and then calculate Qe, 

(3) search the appropriate value of the ρd until Eq. (7) is 

(6)



















Ff3 = N2 tan φ,

Ff3 cos(α + β) = Ff1 + Ff2 + G sin α,

Ff3 sin(α + β) + G cosα = N ,

Ff1 = N2 tan ϕ,

Ff2 = N tan ϕ,

(7)

∫

s

δy

δz1 + δz2
cos(α + β) tan φds =

∫

s

δy

δz1 + δz2
tan ϕds+

∫

s

{ghs cosα +
δy

δz1 + δz2
sin(α + β)} tan ϕds +

∫

s

ghs sin αds,

satisfied, and (4) calculate the conveyance load according 

to Eq. (7).

�e calculated results reveal a trend of higher cuttings 

conveyance density for higher ratio of penetrating speed 

to rotary speed (RPS), as shown in Figure  7. �e VCP 

increases with the penetrating speed; and the VCCC is 

proportional to the rotary speed. As the VCP remains 

unchanged, the effective conveying speed decreases 

with the rotary speed. To balance the VCP and keep the 

healthy drilling, the conveying density and β increase 

α

β

G

Ff1

Ff2

Ff3

N

Figure 4 Kinematic analysis of the conveying action

Figure 5 Kinematic analysis of the conveying action

Yes

Input vp, n and                      

Calculate Qp

i
ρ

Initial value of d
ρ

Calculate Qe

i p d e
Q Qρ ρ=

Increase pd
ρ

No

Conveying load

ϕvl

Figure 6 Calculation flowchart of conveying density

Table 1 Parameters of the drill tool

Parameter Value

Radius of the auger r1/mm 32

Thickness of the flight hs/mm 10.53

Height of the flight h/mm 2

Helix angle of the auger α/(°) 14
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to keep the VCCC constant. When the RPS remains 

unchanged, the increase in the VCP is proportional to 

the increase in the VCCC, resulting in unchanged con-

veying density. �erefore, the conveying density is deter-

mined by the RPS according to the conveying analysis.

Figure  8 shows the relation between the conveying 

load and the drilling parameters. As the RPS increases, 

the higher conveying density leads to the increase of the 

friction between the chips and in situ simulant, resulting 

in the increase of the conveying load. According to the 

mechanical analysis of the conveying action depicted in 

Figure 4, the auger withstands tension. Previous experi-

ments indicated that the drill tool withstands pressure 

rather than tension. Moreover, the rotary torque of the 

calculated results is normally of 1.4–2.2 N·mm, which is 

three orders smaller than the order of the experimental 

results (0.1–1 N·m). �erefore, the conveying load is not 

the main drilling load during simulant drilling and cor-

ing. To predict the drilling load, the next section involves 

the division of the drill-simulant interaction into four 

parts, and subsequently, analyzing the drilling load in 

each part.

4  Modeling of Drill-Simulant Interaction
Based on the screw conveying analysis, this section 

involves the development of the bit-simulant interaction 

model. Summarizing the analysis of the screw conveying 

process and bit-simulant interaction, the drill-simulant 

interaction model can be developed to predict the simu-

lant drilling load, considering the boundary conditions 

between these two parts. According to the structure of 

the drill bit, the bit-simulant interaction is divided into 

three parts (as shown in Figure  9): chip extruding, chip 

bulldozing, and in  situ simulant cutting. �e model of 

bit-simulant interaction is based on the hypothesis as 

follows:

(1) �e simulant is an isotropic, rigid-plastic material;

(2) Because the penetrating speed and the rotary speed 

are low, the drilling process is regarded as a quasi-

static process.

4.1  Extruding Load Analysis

�e drill tool conveys the chips to the auger in the 

extruding part, ensuring that the auger conveys the chips 

with appropriate conveying density under given drilling 

Figure 7 Relation between conveying density and drilling param-

eters

Figure 8 Relation between conveying load and drilling parameters

Bulldozing region

Extruding region

Cutting region

Blade

Figure 9 Interaction between drill bit and simulant
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parameters. Because the helix angle in this part is 75°, it is 

difficult to convey the chips in a screw conveying manner. 

�e model of the extruding part is based on the hypoth-

esis that the chips are extruded to the auger. According 

to the mechanical analysis of the extruding process (as 

shown in Figure  10), the force equilibrium equation of 

the chips in the extruding part is expressed as follows:

where F1 is the extruding force, Fs is the friction force 

between the chips and the in situ simulant, α1 is the helix 

angle of the extruding part, β1 is the helix angle of the 

conveying path of the chips in the extruding part, Ff is 

the friction force between the chips and the drill bit, Ne is 

the supporting force from the drill bit, Ge is the gravity of 

the chips in the extruding part, L1 is the arc length of the 

cross section of the drill bit in the extruding part, L2 is 

the arc length of the cross section of the extruding part at 

the interface between the chips and the in situ simulant, 

he is the height of the extruding part, and dse is the infini-

tesimal length along the helix of the auger in the extrud-

ing part.

To ensure healthy drilling, the volume of the cuttings 

conveyance capability is equal to the demand volume of 

the cuttings conveyance under a given penetrating speed. 

β1 is determined by the following equation:

where ver is the relative velocity of the chips to the drill 

bit in the extruding part, and Ss is the sectional area of 

the extruding part.

According to Eqs. (8) and (9), Figure 11 shows the rela-

tion between the extruding load and drilling parameters 

when the penetrating speed is 85 mm/min. �e extrud-

ing force of the calculated results is normally of the order 

(8)











F1 + Fs cos(α1 + β1) = Ff + Ne tan ϕ + Ge sin α1,

Ne = Ge cosα1 + Fs sin(α1 + β1),

Fs =
�

ρghe tan φL1dse,
Ff =

�

ρghe tan ϕL2dse,

(9)

{

ver =

Qe

Ss sin α1
,

β1 = arc cot v−ver cosα1
ver sin α1

,

of 7.5–11.5  mN, which is three orders smaller than the 

magnitude of the penetrating force in the drilling experi-

ments (with order of 3–300 N). �e following subsection 

discusses other parts of the bit-simulant interaction.

4.2  Bulldozing Load Analysis

�e drill bit of the bulldozing part bulldozes the chips, 

and conveys the chips to the extruding part. �e drill-

ing loads of the bulldozing part are generated from the 

following parts: (1) compression of the loose chips into 

chips with conveying density by the drill bit, (2) the fric-

tion between the drill bit and the chips, and (3) the fric-

tion between the chips and the in situ simulant. Because 

the chips are the Molerus I soil, the analysis of the chips 

in the bulldozing part is based on the Walker analysis 

method, as shown in Figure 12 [41].

�e compression of the chips in the bulldozing part is 

similar to the process of confined compression. �e force 

that compresses the loose chips into the chips with con-

veying density, is determined by confined compression 

tests, which were conducted using a triaxial test system as 

shown in Figure  13 (following the SL237-1999 standard 

procedure [38]). �e relation between the compression 

Figure 10 Mechanical analysis of the extruding process

Figure 11 Extruding force with varying drilling parameters

Figure 12 Mechanical analysis of the bulldozing part



Page 7 of 12Quan et al. Chin. J. Mech. Eng.  (2018) 31:20 

pressure and the density of the simulant density is shown 

in Figure 14 and can be fitted as follows [23]:

where P is the compression pressure, and ρ is the density 

of the simulant.

According to the mechanical analysis of the bulldozing 

part, the force equilibrium equation of the simulant in 

the bulldozing part can be expressed as follows:

where Pr is the pressure on the bottom of the bulldozing 

part, β2 is the penetrating helix angle of the drill bit exter-

nal cylinder, β3 is the penetrating helix angle of the drill 

(10)P = 1.43 × 10
−6

ρ
28.51

,

(11)



































Prπ(r21 − r
2
2 ) = Pπ(r21 − r

2
2 ) − τfSr1 sin β2 − τfSr2 sin β3 + Gp,

σr = kk

�

P +
Gp

2π(r21−r
2
2 )

�

,

τf = σr tan φ,

β2 = arc cot 2πr1n
vp

,

β3 = arc cot 2πr2n
vp

,

bit inner cylinder, τf is the shear stress between the chips 

and the in situ simulant, σr is the normal stress, which is 

vertical to the interface of the chips and the in situ sim-

ulant, Sr1 is the external area of the bulldozing part, Sr2 

is the internal area of the bulldozing part, and kk is the 

Walker constant.

�e friction shear stress between the chips and the bit 

can be expressed as

Summarizing Eq.  (11) and Eq.  (12), the weight on bit 

(WOB) of the bulldozing part is expressed as

�e rotary torque of the bulldozing part is expressed as

According to Eqs.  (13) and (14), Figure  15 shows the 

relation between the bulldozing load and the rotary 

speed when the penetrating speed is 85 mm/min. As the 

penetrating speed remains unchanged, the VCP keeps 

constant. To ensure the healthy drilling, the VCCC 

should remain unchanged to balance the VCP. When 

the rotary speed decreases, the conveying density and β 

increase to keep the VCCC constant. �e loose chips are 

compressed into the cuttings with conveyance density by 

the drill bit in the bulldozing part. �e bulldozing load 

increases with the conveyance density. �erefore, as the 

penetrating speed keeps constant, a lower rotary speed 

leads to higher bulldozing load.

(12)τfb =

P

cos θ1
× tan ϕ.

(13)F2 = P × π(r21 − r
2
2) + τfb ×

π(r2
1

− r
2
2
)

cos θ1
sin θ1.

(14)

Tb =
2

3
π(r31 − r

3
2)Pr tan φ + kkδrSr1r1 cosβ2+

kkδrSr2r2 cosβ3 +
2

3
π(r31 − r

3
2)τfb.

Figure 13 Triaxial test system

Figure 14 Relation between density and compression pressure Figure 15 Bulldozing load with varying drilling parameters
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4.3  Cutting Load Analysis

�e cutting depth of the blade on the drill bit is generally 

0–0.5 mm in the planetary drilling, which is far smaller 

than the width of the blade [23]. �e soil failure can be 

assumed to take place in a two-dimensional field during 

the cutting process [21, 23, 42]. Because the simulant is 

a type of a granular material, shear rupture is the major 

rupture method during cutting [19–21]. Additionally, 

the simulant in the cutting part withstands the surcharge 

load from the bulldozing part. �e upper-bound limit 

method is suitable to calculate the cutting force with the 

blade rake angle of 90°, and is used to predict simulant 

cutting force, as shown in Figure 16 [42]. �e region ABC 

is a triangular zone, which is governed by simulant-tool 

friction. �e region ACD is a logarithmic spiral mixed 

region. �e region ADE is also a triangular zone and is 

assumed to be a Rankine zone.

In Figure  16, v0 is the velocity of the blade, v2 is the 

velocity of ABC, v3 is the velocity of ACD, v4 is the veloc-

ity of ADE, W1 is the weight of ABC, W2 is the weight of 

ACD, and W3 is the weight of ADE.

�e upper-bound limit model is solved by the principle 

of virtual work, and can be expressed as follows:

�e equivalent factors are as follows:

(15)F3 =

(

1

2
γH2Nγ + cHNc + qHNq

)

w.

(16)

Nc =
1

sin α2 cos(θ + δ1)

[

sin θ +
cos(θ − φ1)(e

2ψ tan φ1 − 1)

sin φ1

+

cos(θ − φ1) sin(α2 − θ − ψ)e2ψ tan φ1

cos(α2 + φ1 − θ − ψ)

]

,

(17)Nq =
cos(θ − φ1) cos(α2 − θ − ψ)e2ψ tan φ1

sin α2 cos(θ + δ1) cos(α2 + φ1 − θ − ψ)
,

where F3 is the cutting force, H is the cutting depth, γ is 

the bulk density of the in situ simulant, c is the apparent 

cohesion of the in situ simulant, q is the surcharge pres-

sure, w is the width of the bit blade, α2 is the rake angle of 

the blade, θ is the angle of the region ABC, ψ is the angle 

of the region ACD, φ1 is the internal friction angle of the 

in  situ simulant, and δ1 is the angle of simulant-blade 

friction.

According to the motion of the drill tool, the cutting 

depth is expressed as

where nc is the number of blades in the drill bit.

�e passive earth pressure is expressed as

Because α2 is 90°, the WOB of the cutting part is 

expressed as

�e rotary torque of the cutting part is expressed as

According to Eqs.  (15), (19), (21), and (22), Figure  17 

shows the relation between the cutting force (contains 

the rotary torque and the WOB of the cutting part) and 

the rotary speed when the penetrating speed is 85 mm/

min (the regions A and B represent the loads influenced 

by the surcharge pressure and cutting depth, respec-

tively). As the RPS increases, indicating an increase in the 

cutting depth and surcharge pressure, the drilling loads 

increase.

�e calculated results indicate that the effect of the sur-

charge pressure on the cutting force is greater than that 

of the cutting depth. When the RPS is higher than 0.7, 

the cutting force caused by the surcharge pressure is the 

main load. �erefore, the boundary condition has signifi-

cant effect on the drilling load and must be considered in 

the modeling process.

(18)

Nγ =
cos(θ − φ1)

sin2 α2 cos(θ + δ1) cosφ1

{sin θ cos(α2 − θ)+

cos(θ − φ1)

cosφ1(1 + 9 tan2 φ1)
× {cos(α2 − θ)×

[−3 tan φ1 + e
3ψ tan φ1(3 tan φ1 cosψ + sinψ)]+

sin(α2 − θ)[1 + e
3ψ tan φ1(3 tan φ1 sinψ − cosψ)]}+

cos(θ − φ1) cos(α2 − θ − ψ) sin(α2 − θ − ψ)e3ψ tan φ1

cos(α2 + φ1 − θ − ψ)
},

(19)H =

vp

n · nc
,

(20)Ep =

(

1

2
γH2Nγ + cHNc + qHNq

)

.

(21)F4 = ncF3 sin δ1.

(22)Tc = ncEp(r
2
1 − r

2
2) cos δ1/2.

v3

v4

v0

W1

W3

W2

q

F3

ψ

v2

θ

2α

H

A

B
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D

E

1δ 1φ

1φ
1φ

Figure 16 Passive earth pressure analysis of upper-bound limit 

method
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4.4  Drilling Load Analysis

Summarizing the aforementioned analysis, the calculation 

flowchart of the drilling load is depicted in Figure 18, and 

the parameters of the drill bit are listed in Table 2. �e cal-

culation of the drilling load is based on the screw convey-

ing analysis, and considers the boundary condition among 

the conveyance part, extruding part, bulldozing part, and 

simulant cutting part. �e bulldozing loads are the major 

drilling loads, and the cutting loads are secondary, as 

shown in Figure 19 (the region A represents the bulldoz-

ing loads, B represents the cutting loads, and C represents 

the conveyance and extruding loads). �e major part of 

the WOB is caused by the force that compresses the loose 

cuttings into the cuttings with conveyance density. �e 

rotary torque is mainly produced by the friction between 

the cuttings and in situ simulant, and the friction between 

the drill bit and cuttings in the bulldozing part.   

5  Experimental Verification
To validate the developed model, experiments were per-

formed using a drilling and coring test-bed equipped 

with a base of the test-bed, rotary unit, penetrating unit, 

and lunar regolith simulant bin, as shown in Figure  20. 

�e rotation of the drill is achieved by an AC servo motor 

with a 7:1 gearhead via a pair of gears with reduction 

ratio of 60:54. �e rotary unit can be vertically actuated 

along two sliding guides at a desired speed by using a 

penetrating motor via chains. �e control system of the 

Figure 17 Cutting force with varying drilling parameters

Yes

Input vp, n and                      

Calculate Qp

i
ρ

Initial value of d
ρ

Calculate Qe

i p d e
Q Qρ ρ=

Increase p

Bulldozing load

d
ρ

No

Cutting load

Extruding loadConveying load

Drilling load

Figure 18 Calculation flowchart of the drilling load

Table 2 Parameters of the drill bit

Description Value

Height of the extruding part he/mm 7.4

Width of the bit blade w/mm 10

Helix angle of the extruding part α1/(°) 75

Rake angle of the blade α2/(°) 90

Number of the blades no 4

Figure 19 Relation between drilling load and drilling parameters
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test-bed collects the real-time data and controls the drill-

ing parameters during the drilling process. �e sensors 

in the test-bed are six-axis force/torque sensors for the 

rotary torque and WOB, travel switches, and a magnetic 

scale for penetrating depth. �e lunar regolith simulant 

bin is used to hold the lunar regolith simulant.

Previous experiments (drilling at a length of 0–2.3 m) 

indicated that the drilling loads increase significantly in 

the shallow layer and approach a steady value at a length 

of z  >  50  mm (as shown in Figure  21; with the rotary 

torque and the WOB of 1.2 Nm and 100.0 N). Because 

the drilling loads are steady in the deep layer, the drilling 

length for each experiment was 300  mm from the sur-

face of the lunar soil simulant to make the experiments 

more convenient to perform. �e simulant sample for 

each experiment was prepared by five-layer simulant 

vibratory compaction [33]. �e control system col-

lected the sensor data with the nominal sampling rate of 

500 Hz. To ensure repeatability of the experiments, each 

experiment was repeated five times, and the results are 

presented as their mean value of the steady drilling loads 

in the deep layer.

�e calculated results of the drilling load match well 

the experimental results, as shown in Table 3. �e order 

of the calculated rotary torque is consistent with the 

order of the experimental results. As the rotary speed is 

lower than 200  r/min, the experimental results demon-

strate that the drill loads are determined by the RPS; this 

is consistent with the prediction of the proposed model. 

When the RPS is higher than 1, the drilling loads increase 

significantly with the increase of RPS. As the penetrating 

speed remains unchanged, indicating a constant VCP, a 

lower rotary speed leads to lower effective screw convey-

ing speed. To balance the VCP, β and conveying density 

Drill tool

Rotary unit

Penetrating 

unit

Lunar regolith 

simulant bin

Base 

Figure 20 Drilling and coring test-bed

Figure 21 Drilling experiments at a length of 0–2.3 m

Table 3 Comparison between the experimental and the calculated results

Penetrating speed vp/(mm·min−1) Rotary speed n/(r·min−1) Weight on bit Fw/N Rotary torque T/(N·m)

Experiments Average Model Experiments Average Model

85 60 61.6‒83.6 72.1 71.3 1.13‒1.45 1.31 1.05

85 80 32.0‒41.9 37.7 39.0 0.70‒0.88 0.78 0.54

85 100 21.2‒28.2 25.6 24.2 0.52‒0.59 0.55 0.33

85 120 15.8‒22.2 18.4 15.8 0.33‒0.43 0.37 0.21

85 140 9.2‒17.5 12.7 11.6 0.22‒0.29 0.26 0.15

85 200 6.6‒10.0 7.8 6.7 0.08‒0.16 0.12 0.09

10 10 32.5‒42.0 37 39.0 0.61‒0.8 0.69 0.54

60 60 36.2‒41.9 40 39.0 0.68‒0.78 0.76 0.54

70 70 34.3‒49.5 39 39.0 0.62‒0.80 0.73 0.54

200 200 32.1‒41.5 38 39.0 0.68‒0.72 0.70 0.54
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of the chips in the auger increase to keep the VCCC con-

stant. According to the analysis of the model, the convey-

ing density of the chips is high when the RPS is higher 

than 1, resulting in serious bit jamming; this is the cause 

of high drilling loads. �e proposed model can explain 

the bit jamming during simulant drilling. �e experimen-

tal and the calculated results indicate that the drilling 

loads increase smoothly when the RPS is lower than 1. In 

terms of the drilling load, selection of an appropriate RPS 

in the range of 0–1 is suggested when drilling the dense 

simulant using the drill tool presented in this paper.

6  Conclusions
(1) According to the structure of the drill tool, the inter-

action between the drill tool and lunar regolith sim-

ulant is divided into four parts: cuttings screw con-

veying, chip extruding, chip bulldozing, and in  situ 

simulant cutting. Considering the boundary condi-

tion and simulant density difference among these 

four parts, a drill-simulant interaction model is 

developed to predict the drilling load during simulant 

drilling, based on the screw conveying and the pas-

sive earth pressure theory.

(2) �e mechanical analysis of each part demonstrates 

that the boundary conditions among these four parts 

cannot be ignored in the modeling of drill-simulant 

interaction. According to the analysis of the model, 

the bulldozing loads include the major drilling loads 

produced by chip compression, friction between the 

chips and the in situ simulant, and friction between 

the drill bit and chips.

(3) A comparison of the drilling experiments and the 

calculated results demonstrates that the model can 

effectively predict the drilling load during simulant 

drilling. With the model, the design of drill tool and 

development of drilling strategy can be facilitated by 

a cyclic analysis of drilling load before prototypes are 

developed for ground drilling tests.

(4) �e main mission of the drilling system is to acquire 

an appropriate sample. While the drilling loads are 

low when the RPS is lower than 1, the mass of the 

coring sample may be low in this range. Combined 

with the drill-simulant interaction model, in future 

work, a model for predicting the coring mass should 

be developed to optimize the drilling parameters.
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