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S P A C E  R O B O T S

A 2-year locomotive exploration and scientific 
investigation of the lunar farside by the Yutu-2 rover
L. Ding1*†, R. Zhou1†, Y. Yuan1†, H. Yang1, J. Li2, T. Yu2*, C. Liu2,3, J. Wang2, S. Li1, H. Gao1*, 
Z. Deng1, N. Li1, Z. Wang1, Z. Gong1, G. Liu4, J. Xie2, S. Wang2, Z. Rong2, D. Deng2, X. Wang2,3, 
S. Han2, W. Wan5, L. Richter6, L. Huang1, S. Gou5, Z. Liu1, H. Yu1, Y. Jia7, B. Chen7, Z. Dang7, 
K. Zhang2, L. Li2, X. He2, S. Liu2, K. Di5

The lunar nearside has been investigated by many uncrewed and crewed missions, but the farside of the Moon 
remains poorly known. Lunar farside exploration is challenging because maneuvering rovers with efficient loco-
motion in harsh extraterrestrial environment is necessary to explore geological characteristics of scientific interest. 
Chang’E-4 mission successfully targeted the Moon’s farside and deployed a teleoperated rover (Yutu-2) to explore 
inside the Von Kármán crater, conveying rich information regarding regolith, craters, and rocks. Here, we report 
mobile exploration on the lunar farside with Yutu-2 over the initial 2 years. During its journey, Yutu-2 has experi-
enced varying degrees of mild slip and skid, indicating that the terrain is relatively flat at large scales but scattered 
with local gentle slopes. Cloddy soil sticking on its wheels implies a greater cohesion of the lunar soil than encoun-
tered at other lunar landing sites. Further identification results indicate that the regolith resembles dry sand and 
sandy loam on Earth in bearing properties, demonstrating greater bearing strength than that identified during 
the Apollo missions. In sharp contrast to the sparsity of rocks along the traverse route, small fresh craters with 
unilateral moldable ejecta are abundant, and some of them contain high-reflectance materials at the bottom, 
suggestive of secondary impact events. These findings hint at notable differences in the surface geology between 
the lunar farside and nearside. Experience gained with Yutu-2 improves the understanding of the farside of the 
Moon, which, in return, may lead to locomotion with improved efficiency and larger range.

INTRODUCTION
Planetary exploration using orbiters or rovers has continued to ex-
tend the boundaries of science and technology in the last few decades 
(1–3). The Moon, the closest celestial body to Earth with potentially 
exploitable chemical and mineralogical resources (4), is one of the 
most substantial destinations of exploration missions. The lunar ex-
ploration effort peaked after the successful Apollo program; since 
then, there have been 20 successful landers on the near side of the 
Moon as a result of crewed and rover-based missions. However, no 
astronauts or landers arrived on the lunar farside until 2019, mainly 
due to the blindness of the side with respect to communication and 
monitoring, although evidence collected through remote sensing had 
indicated the distinction of the two sides in gravitational field (5) 
and material composition (6), providing a strong impetus for in situ 
exploration of the farside. The Chang’E-4 (CE-4) lunar exploration 
mission with the Yutu-2 rover was the first mission attempting to 
land on the farside of the Moon and was expected to make valuable 
and important scientific discoveries through in situ exploration.

Since the successful landing of the CE-4 probe (fig. S1A) on 
3 January 2019, at 177.6°E, 45.4°S on the lunar farside in the Von 
Kármán crater inside the South Pole–Aitken (SPA) basin, Yutu-2 

has been continuing scientific exploration for more than two Earth 
years (25 lunar days) (7). Yutu-2, as the lightest-ever lunar rover (135 kg), 
is a six-wheeled high-performance off-road robot equipped with 
four steering motors at the corner wheels, having a maximum speed 
capability of 200 m/hour (about 0.056 m/s). Benefiting from the 
well-designed rocker-bogie structure, Yutu-2 can climb up 20° slopes 
and surmount obstacles up to 200-mm high (8). The meshed sur-
face of the wheels makes them light (735 g; diameter of 300 mm and 
width of 150 mm) (fig. S1B), and the lugs attached to the wheels 
enhance the rover’s driving performance. Yutu-2 carries four scien-
tific payloads (fig. S1C) to acquire high-resolution images and 
high-accuracy data, including a panoramic camera (Pancam), a vis-
ible and near-infrared image spectrometer (VNIS), a lunar penetrat-
ing radar (LPR) (9), and an Advanced Small Analyzer for Neutrals 
(ASAN) (10). Its high-reliability locomotion system enabled Yutu-2 
to survive beyond the designed 3-month life span, expanding its ex-
ploration distance to 600.55 m at the end of the first 2 years, leading 
to richer scientific insights from the unexplored zone. Over the 
course of the first 2 years, about 16.46 gigabytes of scientific data 
have been return-transmitted and analyzed, thus filling the gaps of 
geological knowledge of the lunar farside and deepening the under-
standing of the Moon’s formation and evolution.

Here, we present locomotive data and images collected by Yutu-2 
rover that reveal unique characteristics of the lunar farside. In addi-
tion, results of wheel slippage and sinkage, along with an analysis of 
the lunar regolith properties using the wheel-terrain interaction 
model, are presented. A comprehensive review of the scientific in-
vestigations carried out by Yutu-2 in craters, rocks, and stratum was 
carried out with additional analyses. On the basis of the discovered 
distinct geological features on the lunar farside, more powerful 
rovers, as well as scientific payloads and theoretical conundrums 
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on complex wheel-terrain interaction mechanisms, are exposed and 
realized to be necessary for future robotic lunar explorations.

RESULTS
Travel route and wheel slippage
The Queqiao relay satellite (11), which is the first relay communica-
tion satellite outside Earth’s orbit and features the largest satellite 
umbrella antenna diameter (4.2 m), acts as a high-speed bridge to 
transmit data and commands between the ground station and 
Yutu-2, with a time delay of 1 to 2 s in one-way transmission. Yutu-2 
has navigated toward the northwest (Fig. 1A) using a three-layered 
planning architecture, in which three-dimensional (3D) lunar 
surface data with 7-m resolution obtained from the CE-2 mission 
were used for long-term planning; the panoramic images were 
analyzed to generate roving trajectories for each lunar day, whereas 
the navigation images were used for replanning. Primarily, Yutu-2 
was directly controlled by uploaded commands generated from 

ground teleoperation; however, it can also work in autonomous 
mode on relatively flat terrains, planning traversable routes using 
its laser lattice or hazard avoidance camera (Hazcam). The auton-
omous mode of Yutu-2 was used in a traverse of 2.7 m on the fifth 
lunar day, in which autonomous planning was carried out five 
times, and each planning segment was about 0.5 m. A vision-based 
decision-supporting method (12) consisting of obstacle map gen-
eration and path evaluation was used to ensure Yutu-2’s efficiency 
and safety. The physical properties of surface regolith strongly af-
fected Yutu-2’s traverse trajectories, wheel slippages, and sinkage, 
which was, in turn, used to infer terrain properties in the tangential 
and normal directions.

The wheel slip ratios (hereafter referred to as slip ratios) for each 
lunar day (calculated using planned and actual travel distances 
derived from visual measurements between adjacent waypoints) 
(Fig. 1B) indicate that Yutu-2 experienced relatively small wheel 
slipping and skidding. The slip ratios (defined as a function of the 
theoretical circumference velocity and the actual traveling longitu-

dinal velocity of the wheel) ranged from 
−0.15 to 0.15 and, in most cases, were 
within the range of 0 to 0.05, consistent 
with the observed small elevation varia-
tions along the traversed routes (fig. S2). 
On the ninth lunar day, the rover strug-
gled to explore a localized fresh crater 
with shiny materials through several 
short approaching attempts without ac
curate visual localization on waypoints. 
Therefore, it was not possible to calcu-
late the corresponding average slip ratios 
between any two adjacent waypoints, 
and they are missing from Fig. 1B.  
However, wheel trace imprints left by 
Yutu-2 gave clues to the wheel slip ratios 
experienced during the complex move-
ments (a to b, b to a, a to c, c to d, and d 
to c) as shown in Fig. 2. Fine-grained slip 
ratios based on clear and intact trace 
imprints (red frames in Fig. 2) were es-
timated using the slip ratio estimation 
model (13) by extracting the trace units 
as shown in fig. S3. When retracting 
from the crater (b to a and d to c), the 
estimated slip ratio was about −0.1, which 
was consistent with the decreased slope 
(3.10°) when departing from the crater 
rim. According to the symmetry mech-
anism of the slip ratio in the elastic 
phase (−0.1 < s < 0.1) (14), the slip ratio 
when maneuvering up the slope (a to b 
and c to d) was estimated as 0.1. The cal-
culated slippage result (b to a; s ≈ −0.1) 
was close to that when backing out from 
the other side of the crater (d to c; s ≈ 
−0.1) but larger than that when roving 
on the flat surface (a to c; s ≈ 0.0), hint-
ing that the stack ejecta was similar in 
terms of slope and properties on these two 
sides of the crater. Slip ratios derived 
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Fig. 1. Yutu-2’s routing path and slippage on the farside of the Moon. (A) Routing path of the rover. The yellow 
dots represent waypoints. The red dots represent Yutu-2’s starting waypoint of each lunar day; they are also the 
sleeping waypoint of the last lunar day. The rover passed through 132 waypoints in the first 25 lunar days. The explo-
ration phase of the eighth and ninth lunar day is zoomed in to show detailed traverse routes. The base image is a 
high-resolution (0.9 m per pixel) digital orthophoto map (DOM) (60) generated from LROC narrow angle camera 
(NAC) imagery (61). (B) Box plot of Yutu-2’s wheel slip ratios along the routing path on each lunar day. Paths that are 
too short were dismissed in the statistics because they were usually without visual localization results or introduced 
too many errors. Paths controlled in driving time without planned target waypoints were also dismissed.
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from wheel trace imprints over short traverses helped to charac-
terize the wheel slip experienced in local terrain, complementing 
the average slip ratios between two adjacent waypoints as shown 
in Fig. 1B.

Soil physical properties
After a 1.96-m traverse from waypoints LE00804 to LE00805 (while 
backing from the crater), large agglomerates of cloddy soil were 
observed adhering onto Yutu-2’s wheels (Fig. 3A). This can be 

compared with a previous CE-3 mission during which the earlier 
Yutu rover experienced a similar traverse at the mission site of Mare 
Imbrium; only sticky and fine particles were observed on the 
wheels (Fig. 3B). Although the wheels of Yutu were in the same con-
figuration as that of Yutu-2, the soil adhesion was negligible. Ac-
cording to the region division results (fig. S4), more than 46% of 
the wheel surface shown in the subfigure of Fig. 3A was covered with 
the cloddy soil, which is much larger than the coverage ratio ob-
served on the wheels of CE-3 Yutu (~2%; calculated using the 
subfigure of Fig. 3B). Similar sharp contrasts between the Yutu-2 
and Yutu rovers, with respect to soil sticking to wheels, are also 
presented on their mutual shooting images (fig. S5). The sticky fine 
particles on Yutu’s wheels during CE-3 were most likely due to elec-
trostatic adhesion, but the larger pieces of soil on Yutu-2’s wheels 
during CE-4 are unusual. Furthermore, Yutu-2 observed similar 
phenomena on other lunar days, as portrayed by wheel images taken 
throughout the 4th, 5th, 6th, 19th, and 23rd lunar days of the entire 
600.55-m journey (fig. S6). Thus, it is reasonable to assume that, at 
the CE-4 landing site, the greater cohesion of the soil is regional 
rather than localized. The increased cohesion of the lunar regolith 
on the CE-4 landing site is likely attributed to the higher percent-
age of agglutinates in the lunar regolith, which is in proportion 
with the soil maturity. This is supported by the findings that the Is/
FeO maturity index of the CE-4 landing site (82 ± 15) (15) is higher 
than that of the CE-3 landing site (~53) (16), which indicates that 
the lunar soil at the CE-4 landing site is more mature than that 
at the CE-3 landing site (17). According to the theory of plastic 
equilibrium, cohesion of materials is the bond that cements par-
ticles together, irrespective of the normal pressure exerted by one 
particle upon the others. On the other hand, particles of frictional 
masses can be held together only when a normal pressure exists 
among them (18). With agglutinates, soil particles are more likely 
to agglomerate (hold together or build bond) when ground by the 
wheel, which changes the loose structure of aeolian sand soil, re-
sulting in an increase in the solidification cohesion of the soil. 
Such blocky soil on the wheels would weaken the digging effect 
of the wheel lugs and consequently reduce the drawbar pull, 
which would be unfavorable to the rover’s traction. Because 
most soil was observed to adhere on the wheel lugs rather than the 

high-porosity meshed surface, this 
situation may be improved in future mis-
sions by coating the lugs’ surface with a 
special anti-adhesion material.

Although Yutu-2 does not carry spe-
cific soil parameter identification in-
struments, the rover wheel can be used 
as a trenching device to identify soil pa-
rameters based on the wheel-terrain in-
teraction. Regarding regolith properties, 
the normal bearing characteristics of 
the regolith around the landing site 
can be inferred based on wheel sinkage. 
During Yutu-2’s drive to point A (fig. 
S7) for mutual shooting, its wheels were 
almost supported only by lugs (the wheel 
rim was visibly in contact with the 
ground), but it sometimes sank slightly 
into the terrain and experienced mod-
erate soil seepage into the wire mesh 

Fig. 2. Yutu-2’s wheel imprints and reflected slippage. Yutu-2 first drove toward 
the target crater along trajectory a→b but failed in acquiring adequate data. Thus, 
it planned to approach the crater again from the northwest of the crater along the 
route c→d after coming down from the crater and turning around in circles to ad-
just direction. The wheel slip ratios estimated based on fragments of clear and in-
tact trace imprints outlined by the red lines during the traverse of b→a, a→c, and 
d→c were estimated approximately as −0.1, 0, and −0.1, respectively. The image 
was taken by Pancam at the ninth lunar day at waypoint LE00912.

A B

Fig. 3. Soil sticky phenomenon of Yutu-2 compared with Yutu. (A) Large pieces of irregular-shaped lunar soil 
sticking to Yutu-2’s front left wheel. The image was taken by Hazcam of Yutu-2 on the ninth lunar day on CE-4 mis-
sion. (B) No soil adhesion on Yutu’s front left wheel, which is clean with only fine particles. The image was taken by 
Hazcam after Yutu’s arm dropped on CE-3 mission.
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screen. By correcting the view to the orthographic angle of the 
wheel side images and calculating the proportion of the wheel 
sinkage to the wheel radius in the image (see Materials and Meth-
ods), the equivalent wheel sinkage was estimated to be 5 to 15 mm. 
Compared with the wheel sinkage estimated at the CE-3 landing 
site (5.6 to 11.5 mm) (18), its range in CE-4 (5 to 15 mm) is a bit 
larger, under almost the same wheel load (22.5 kg per wheel). The 
wheel sinkage of Lunokhod 1 in the Luna 17 mission was much 
larger (10.7 to 25.4 mm) (19) under a heavier load (94.5 kg 
per wheel). According to the terramechanics model for lugged 
wheels (20) (Fig. 4A) and wheel-terrain interaction parameters 
(table S1), we predicted the curves reflecting the regolith bearing 
property parameters under different sinkage conditions (Fig. 4B). 
Comparatively, the region of the estimated bearing parameters at 
CE-3 (the region within two purple curves, Fig. 4A) mostly over-
laps with that of the Luna 17 landing site (the region between two 
orange curves, Fig. 4A), whereas it has a larger equivalent sinkage 
modulus under the same sinkage exponent than that of CE-4 on 
average. This indicates that the lunar regolith at the CE-3 and Luna 
17 sites is relatively stronger in bearing strength than that at the 
CE-4 site. Assuming that the equivalent stiffness was 820 kPa/mN 
(21) (close to the typical value of the friction deformable modulus 
for lunar soil derived from Apollo missions; shown as the gray 
dashed line in Fig. 4B), the sinkage exponent (denoted by N) ranged 
from 0.83 to 1.0. When the sinkage exponent was assumed to be 1.0 
(22) (the typical value of lunar soil deduced from Apollo missions), 
the corresponding equivalent stiffness was 840 to 2800 kPa/mN.  
When the sinkage exponent and the equivalent stiffness modulus 
(denoted by Ks) were both assumed to be above the typical values of 
lunar regolith, the wheel sinkage (the intersection of the two gray 
dashed lines) was about 15.5 mm, larger than the average wheel sink-
age observed, implying that the regolith at the landing site is stron-
ger than the typical lunar soil of Apollo missions. As demonstrated 
in Fig. 4C, the bearing property of the regolith at the landing site on 
the lunar farside is analogous to that of dry sand and sandy loam 
(table S2) on Earth (18).

Scientific investigations in terms of craters, rocks, 
and stratum
Benefiting from Yutu-2’s locomotive venture consisting of a series 
of careful movements during the first 25 lunar days, in situ in-
vestigations of lunar rocks (22–24), soil (25–30), impact craters 
(28, 31–33), and energetic neutral atoms emitted from the lunar sur-
face (34) have been carried out on the farside of the Moon, as sum-
marized chronologically in Table 1. Taking advantage of Yutu-2’s 
scientific payloads (Pancam, VNIS, LPR, and ASAN), most of the 
primary scientific objectives (35) of the CE-4 mission have been 
accomplished, including (i) low-frequency astronomical study on 
the lunar surface, (ii) shallow structural investigation of the roving 
area on the lunar farside, and (iii) topographic and mineralogical 
composition investigation of the roving area on the lunar farside. 
These results have established a foundation for subsequent in-depth 
studies. During this 2-year venture, one of the most exciting explo-
rations involved the rover taking a risk of instability at the rim of 
a 2-m crater on the eighth lunar day, owing to the detection of an 
unexpected gel-like material of high reflectance discovered at the 
crater’s base. The dark greenish, glistening material (Fig. 5A) viewed 
by Pancam at the closest safe distance from the crater after two 
painstaking approach-attempts showed its distinctive shape, color, 
and texture from the surrounding regolith blocks (28). The mate-
rial’s appearance, which resembles lunar samples 15466 and 70019 
obtained by the Apollo 15 and 17 missions, suggests that it could be 
an impact melt breccia or a glass-coated agglutinitic regolith breccia 
with a possible complex formation of impact-generated welding, 
cementing, and agglutination of lunar regolith and breccia (28).

An inspection of the gel-like material, and even entering the cra-
ter, to conduct close-focused investigation using payloads would be 
of great scientific interest. However, because of the high probability 
of locomotor failures, the rover has been advised to limit any 
further movement. If Yutu-2 drove down along the steep crater 
wall, it might be out of control due to the skid failure of the wheels. 
Furthermore, even if it enters the crater successfully, the rover will 
find maneuvering out of the crater highly difficult, according to 
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antisymmetrical slip versus skid mechanics (14). For a wheel with 
skidding, the resistance force is in the same direction as the tractive 
force, both of which are resistance forces that increase with skid 

ratio. However, the resistance force counteracts the tractive force to 
decrease the drawbar pull when a wheel slips. As a result, even if the 
rover moves downward and upward along the same slope, its wheels 

Table 1. Daily scientific exploration and key findings. The total working time of Yutu-2 was about 4019 hours for the first 25 lunar days. On most lunar days, 
Yutu-2 carried out routine navigation and detection using VNIS and LPR. It switched to rest mode at lunar night and noon due to the extreme temperatures. Key 
findings based on data collected on each lunar day are listed, beginning with asterisks and corresponding payloads, whereas special scientific exploration 
activities are listed without asterisks. LDay is an abbreviation for lunar day. 

Lunar day number Accumulated distance (m) Scientific exploration and key findings

1 44.19
*VNIS: Mental-derived materials in low-calcium pyroxene and olivine (30)

Two-way mutual shooting

2 120.01 *LPR (LDay 1 and 2): The first high-resolution image of a lunar ejecta sequence and its 
thickness as well as internal architecture (41)

3 162.99
*LPR: Lunar regolith source and a three-unit substructure at the landing site (25)

*VNIS and Pancam: An olivine-norite rock likely crystallized from the SPA-impact melt pool 
rich in plagioclase probably ejected from the Zhinyu crater (22)

4 178.97 Routine navigation and detection

5 190.77
*LPR: Dielectric properties and structure of lunar regolith (27)

Detection of the first solar energetic particle (SEP) event with Lunar Lander Neutron and 
Dosimetry on the CE-4 lander (34)

6 213.04 Imaging of wheel trace with Pancam

7 237.92
The farthest distance of a single walk (9.02 m) on the lunar farside

Neutral atom detection facing the sun and facing away from the sun for 4 hours, respectively, 
with ASAN

8 271.03 *Pancam: Discovery of high-reflection materials

9 284.66

*VNIS and Pancam: A dark greenish and glistening impact melt breccia in a crater and 
surrounding regolith in mixture of multiple sources (28)

*LPR: The same physical properties between the beneath blocky ejecta deposits and the 
surrounding regolith, and observed fragments not originated from the subsurface (32)

*LPR (LDay 1 to 9): Deep subsurface structure of at least four layers of distinct lava flows and 
their thickness (43)

10 289.77 *VNIS: Ground-truth Hapke parameters provided for remote sensing observation (63)

11 318.62 Multipoint detection

12 345.06 *LPR: The shallow regolith structure and deep geological strata below the landing site (42)

13 357.70 Neutral atom detection for solar wind energy spectrum distribution

14 367.25 Neutral atom detection facing the sun and facing away from the sun for 4 hours, respectively, 
with ASAN

15 399.79 Detection of impact ejecta in front of a crater, and panoramic color imaging of the impact 
crater and mysterious substances in its center

16 424.45 Routine navigation and detection

17 447.68 *Pancam: Discovery of a crater with gel-like material

18 447.68 Due to the plan of launch Tianwen-1, scientific payloads of Yutu-2 stay switch off

19 463.26 Detection of a crater found on the 17th lunar day with VNIS and its ejecta on the west side of 
the crater

20 490.90 Routine navigation and detection

21 519.29 Routine navigation and detection

22 547.18 Routine navigation and detection

23 565.90 Panoramic color imaging of a large impact crater named Longtan, detection of small rocks on 
the southwest side of the impact crater, and updating of neutral atom detector parameters

24 589.64 Detection of surrounding solar wind particles with neutral atom detector

25 600.55 Six times of infrared spectrum detection and neutral atom detection
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may not be able to obtain enough drawbar pull for climbing back. 
Climbing attempts with severe wheel slippage is prone to cause 
large wheel sinkage, or even rover immobilization, similar to what 
was experienced by Spirit (36) and Opportunity (36), especially when 
traversing on soft and deformable terrain. One of the kernels of 
solving these problems is modeling fundamental principles of move-
ment for the substrate of complex properties (like solidification 
or fluidization) during wheel-terrain interaction that relied on 
“robophysics” study (37, 38) with systematic tests. New theories based 
on simplified model of dynamic granular intrusion (39) and strate-
gies of unconventional gaits of the rover (40) developed upon robo-
physics analysis are promising to cope with these dilemmas.

The CE-4 landing site lacked surface boulders, but Yutu-2 en-
countered several craters (fig. S8) (32). On the basis of the analysis 
of Lunar Reconnaissance Orbiter Camera (LROC) imagery from 
the Lunar Reconnaissance Orbiter launched in 2009, 88 impact 
craters can be quantifiably identified within a 50-m range along 
Yutu-2’s routing path of the first 25 lunar days (Fig. 5B), ranging in 
diameter from 4.68 to 61.83 m (mean value of 11.89 m). Among 
them, more than 60% are less than 10 m in diameter, with craters of 
diameter more than 20 m being rare. From more detailed panoramic 
stereo images, 20 craters within a 10-m distance from the rover can be 
measured, all with depths shallower than 0.6 m and depth/diameter 
ratios (d/D) between 0.04 and 0.12, with the mean d/D value being 
0.07 (33), suggesting that the craters are relatively fresh. Images ac-
quired by the rover’s visual systems along the traverse routes indi-
cate broad morphologies of craters that can be mainly divided into 
three categories: first are heavily degraded craters (Fig. 5, C and D), 
with gentle slopes and flat edges bordering the ground, indicating 
that they have experienced a relatively long period of space weath-
ering; in contrast, other craters (Fig. 5, E and F) have varied grain 

size ejecta (from fine particles to clods), with coarse walls and bot-
toms. These craters were further classified into two categories ac-
cording to the different distributions of their ejecta, either evenly 
distributed or a skewed distribution to one side.

A high spatial density of fresh craters with unilateral ejecta can 
be observed at the CE-4 landing site (fig. S8). High-resolution ob-
servations (fig. S9) show that the craters are almost all oriented to 
the northwest; thus, they are inferred to be sourced from the same 
set of impact events. Considering the impact cratering mechanism, 
the orientation of the ejecta is in line with the horizontal compo-
nent of the impact force. Considering the fast overturn rate of sur-
face regolith and small crater sizes, these craters are not assumed to 
be primary craters, but are most likely secondary craters formed by 
the Zhinyu crater, which is located to the west of the CE-4 landing 
site (32). Similar ejecta in skewed distribution were also observed at 
the landing site, as seen from a color image of the lander (fig. S10A). 
During the near-ground landing phase, the landing legs impacted 
the surface with oblique forces and dug out subsurface materials to 
form a one-sided deposit of fine-grained particles and relatively 
large clods on the summit. In contrast, the ejecta around the CE-3’s 
lander legs (fig. S10B) resembles loose particles and are darker in 
color, compared with the surficial materials, and accompanied by 
small gravel.

Rocks along the traverse route (Fig. 6) are relatively rare in com-
parison with those scattered around the CE-3 landing site in meter 
size (fig. S11). Some rocks are perched on the surface as a result of 
projectiles and fragments of impact. As a comparison, unlike the 
densely clustered, various-sized fragments imaged by Pancam at the 
CE-3 landing site, rocks at the CE-4 landing site were relatively iso-
lated and of a smaller scale (less than 40 mm); some rocks were 
sparsely clustered, resembling pearls, whereas others were irregular 
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Fig. 5. Craters encountered by Yutu-2 along the traversed route. (A) High-reflection materials encountered by Yutu-2 on the ninth lunar day. (B) The statistical results 
on the diameter of craters are identified. The number of craters less than 10 m in diameter is the highest. There are 88 craters identified within 50 m of the routing path of 
Yutu-2 on the first 25 lunar days. The base image is a LROC NAC image, whose resolution is 1 m. The craters are visually identified and manually mapped based on the 
LROC NAC mosaic using the ArcGIS add-in tool of “CraterTools,” which is independent of the map projection and has been widely used in planetary crater mapping (62). 
Three evenly distributed points on the crater rim are digitized to derive the crater diameter with CraterTools. When digitizing the craters, a local tangent plane projection 
is adopted so that the craters appear circular, making crater mapping convenient and precise. (C and D) Old craters that have experienced a relatively long period of space 
weathering. (E and F) Fresh craters with ejecta on one side or around.
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or angular. In the CE-4 mission, rocks partially buried by regolith 
were scarcely observed; furthermore, relatively large rocks, such as 
those shown in fig. S11 (A to C) from the Mare Imbrium CE-3 site, 
are absent from observations of the first 25 lunar days. For CE-4, a 
distinct rock more than 200 mm in size measured by VNIS on the 
third lunar day was referred to as olivine norite from its spectro-
gram (similar in mineral composition as the regolith) and its fine-
to-medium grain size texture, which was probably the result of 
relatively fast crystallization related to its origination from the im-
pact melt pond, produced via the melting of the lunar lower crust 
and mantle materials by the SPA basin–forming event (22). A 
medium-sized (about 300 mm in diameter) angular rock isolated 
from its surroundings was observed in the onboard navigation 
camera (Navcam) image taken on the 23rd lunar day (Fig. 6H). 
Yutu-2 attempted to approach the rock by detouring around an 
extraordinary crater nicknamed “Longtan,” but eventually ceased 
efforts due to the highly rugged and steeply sloped terrain (12°) and 
the presence of abundant rocks in the detection area.

The subsurface structure at the landing site, primarily consist-
ing of low-loss, highly porous, granular materials, with embedded 
boulders of various sizes (41), was revealed on the basis of a dual-
channel LPR data (CH-1, 60 MHz; CH-2, 500 MHz) (42) in both the 
shallow regolith and the deeper geological strata. The shallow rego-
lith can be separated into three distinct layers according to the dis-
tribution, quantity, and dimension of inhomogeneities illustrated 
in the high-frequency LPR measurements (table S3). At least five 
strata were detected to the depth of 328 m (43), for which a uniform 
basal layer may be present between 38 and 52 m, followed by fur-
ther basal layers from different lunar geological periods. The buried 
ejecta is overlain by at least four layers of distinct lava flows that 
probably occurred during the Imbrium Epoch, with their thick-
nesses ranging from 12 m to more than 100 m, providing direct 
evidence of multiple lava-infilling events that occurred within the 
Von Kármán crater (43). To improve the estimation accuracy of 
the stratum depth, rectification and analysis of the LPR data are 
expected to be carried out with consideration of the rover’s varying 

attitude. Furthermore, in situ sampling through drilling of great depth 
and contact measurements to be carried out in the future missions 
will accelerate the progress of stratigraphy research in the extrater-
restrial environment.

DISCUSSION
This work has described the lunar farside in situ exploration with 
the Yutu-2 rover on a long-duration, multiyear CE-4 mission. During 
the mission, Yutu-2 experienced mild wheel slips and observed the 
surface characteristics and subsurface structure of the lunar farside. 
Studies into the lunar regolith have revealed increased cohesion in 
the regolith properties, as compared with that in the CE-3 landing 
site, presumed as a result of higher percentage of agglutinate due to 
the longer exposure time and greater degree of space weathering. 
Summarization of Yutu-2’s in situ scientific investigations and dis-
coveries with respect to the observed gel-like material, crater, and 
rock characteristics, as well as shallow subsurface structure, and ad-
ditional analysis on differentiated fresh crater morphologies and 
ejecta distributions provide a comprehensive landscape overview of 
the lunar farside. Our study explicitly revealed the difference in the 
soil properties between the nearside and farside of the Moon with 
supportable in situ evidence. The scientific data and discoveries ob-
tained by Yutu-2 provide new resources on multiple aspects for fur-
ther studies of the lunar farside and complement our understanding 
of the Moon.

Although the interesting soil cohesion phenomenon is analyzed 
to be regional with multiday observations, intensive study of the 
chemical composition and physical properties of the lunar regolith is 
necessary to be carried out for further analysis. More notable find-
ings are expected to be discovered by taking full advantage of the 
rover’s capability. For instance, trenching experiments can be con-
ducted using one of the rover’s wheels to expose the near-subsurface 
soil and estimate undisturbed terrain parameters more accurately.

On the basis of in-depth understanding of the lunar farside, more 
powerful locomotion, higher intelligence, and advanced scientific 

DC

HF

A B

E G

Fig. 6. Rocks encountered by Yutu-2 along the traversed route. (A) Isolated rock. (B) Rock nicknamed “Qiyuan” discovered on the third lunar day from (15). (C) Rock 
perched on the surface. (D) Sparsely clustered gravels that are round, like pearls. (E and F) Sparsely clustered fragments in irregular or angular shapes at CE-4 landing site. 
(G) Unique rock shaped like a sharp fin with a notable bulge in the edge. (H) Rock at the rim of crater nicknamed Longtan.
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payloads are needed for future lunar exploration with space robots 
in larger scales and harsher environments. For example, legged ro-
bots, hybrid wheel-legged robots, or tethered rovers can be consid-
ered for future lunar crater or cave exploration. Physical intelligence 
(understanding the scenes surpassing purely geometric aspect), 
through active probing strategies for supportability or stability as-
sessment, is necessary to be developed to cope with the unknown 
nature of the environment. Besides, targets of interest may be se-
lected and targeted in a more efficient way, as implemented in the 
Curiosity rover (44), and explorations can be carried out in new 
discovery-oriented autonomous paradigm, with enhanced auto
nomous situated experimenting abilities. In terms of scientific pay-
loads, diverse payloads for in situ sampling and chemical, physical, 
and biological analysis may be used with powerful executors and 
advanced data processing subsystems to break through the content, 
depth, and efficiency limitations and to satisfy the increasing re-
quirement of comprehensive investigation. In general, multidisci-
plinary knowledge are expected to be incorporated to make an 
all-round improvement of rovers for future autonomous explora-
tion to discover new insights into the Moon.

MATERIALS AND METHODS
Instruments and data description
Images used in this study were obtained by three pairs of stereo 
cameras onboard the rover: Navcam, Pancam, and Hazcam. Navcam 
and Pancam are mounted on the same camera bar of the rover mast, 
whereas Hazcam is located at the lower front of the rover body. The 
Navcam system is composed of two identical cameras, and each 
camera has the ability to take gray-scale images with a field of view 
(FOV) of 46.6°. Navcam has a stereo base of 270 mm, with a focal 
length of 17.7 mm, and the effective image size is 1024 pixels by 
1024 pixels (45). Each camera of the Pancam has the ability to take 
color (red: 640 nm, green: 540 nm, blue: 470 nm) and panchromatic 
(420 to 700 nm) images, with an FOV of 19.6° by 14.5° (45). The 
Pancam’s stereo base is 270 mm, and the stereo images can be used to 
generate high-resolution topographic maps of the lunar surface using 
photogrammetric techniques. The effective image size is 2352 pixels 
by 1728 pixels in color mode and 1176 pixels by 864 pixels in pan-
chromatic mode. The Pancam can acquire a 360° panoramic view 
by taking 56 pairs of images (28 different azimuth angles at two ele-
vation angles) (45). In this study, we have used the images acquired 
by Hazcam to infer the property of the lunar regolith at the CE-4 
landing site. Each camera of Hazcam has a fisheye lens that offers a 
170° FOV. The Hazcam acquires 1024 pixel–by–1024 pixel stereo 
images, which are used to obtain 3D terrain information in front of 
the rover to enable hazard detection (e.g., large rocks and craters) 
along the rover’s pathways (28).

Wheels of Yutu-2 are used as a device to characterize the slip-
page experienced by the rover and identify soil parameters, based on 
the wheel-terrain interaction. The meshed wheel of Yutu-2 is ac-
companied by lugs, and each wheel weighs 0.735 kg. Considering 
the gravity on the Moon, the vertical load on each wheel is estimated, 
based on the rover configuration and mass distribution at 36.5 N 
under a quasi-static state. The distance between the left and right 
wheels is 800 mm. The radius of the wheel is 150 mm, and the width 
of the wheel is 150 mm. Each wheel is equipped with 24 lugs ar-
ranged in two staggered rows. The lugs in each row are evenly ar-
ranged on the wheel’s outer cylinder surface, at a height of 10 mm.

Cross-site visual localization of Yutu-2
The precise localization of the Yutu-2 rover (hereafter referred to as 
Yutu-2) was achieved using cross-site visual localization, based on 
the rover’s Navcam images acquired at adjacent sites (waypoints) 
(45). In general, localization of rovers is achieved using the follow-
ing key steps (46): (i) projection: cross-site images are projected to 
the ground plane to reduce distortions, if captured in opposite di-
rections; (ii) area determination: initial localization results obtained 
by dead-reckoning are used to calculate the corresponding image 
area of the adjacent site (considered as the initial matching region) 
to limit the search range and ensure reliability of the subsequent 
matching; (iii) matching: images are enhanced for texture and gray-
scale consistency, and corresponding points are detected by the 
affine-scale invariant feature transform (ASIFT) matching algo-
rithm (47) in the initial matching regions, and outlier detection is 
performed to obtain valid matching results; (iv) solving: accurate lo-
calization results are finally generated from the exterior orientation 
parameters derived from the bundle adjustment solution (48). Cross-
site visual localization was conducted at the teleoperation center in 
near real time to provide localization results consisting of positions 
and attitudes in the landing site local (LSL) reference system. The 
LSL reference system is a north-east-down (NED) right-handed co-
ordinate system, with the origin at the first waypoint; its z axis 
points down in the local normal direction, x axis points to the north 
pole, and y axis is orthogonal to the x and z axes. After a simple 
transformation, the coordinates of Yutu-2’s waypoints are provided 
in the landing site cartographic (LSC) coordinate system, which is 
an east-north-up (ENU) right-handed local system having the same 
origin as the LSL reference system, but its z axis points in the local 
normal direction, y axis points to the north pole, and x axis is or-
thogonal to the y and z axes (49). Previous research (50) has reported 
that the cross-site visual localization yields an accuracy of 4%, which 
is better than the nominal localization accuracy of 15% obtained 
from dead reckoning based on inertial measurement unit (IMU) 
and wheel odometer data. In practice, within a traverse distance of 
up to 10 m between neighboring waypoints, the localization results 
of the cross-site visual localization and the dead reckoning from 
IMU and wheel odometry were generally consistent with differences 
in the levels of centimeters to decimeters, depending on the severity 
of rover slippage (51).

Average slip ratio estimation between two 
adjacent waypoints
The slip ratio s of a lugged wheel at each moment t is defined 
as follows:

​​s(t) = ​ {​​​1 − v(t)/(​r​ s​​(t) (t)) (​r​ s​​(t) (t)  ≥  v(t), 0  ≤  s(t)  ≤  1)​     
​r​ s​​(t) (t)/v(t) − 1 (​r​ s​​(t) (t)  <  v(t), − 1  ≤  s(t)  <  0)

 ​​​	  (1)

where (t) is the angular velocity function, rs(t) is the shearing radi-
us function, and v(t) is the linear velocity function. When the value 
of s is larger than zero, it indicates that the wheel is slipping; when s 
is equal to 0, the wheel rolls without slipping or skidding; when s is 
less than 0, it indicates that the wheel is skidding, with |s| being the 
values of the skid ratio. In general, a driving wheel slips when mov-
ing on a flat terrain or climbing up a slope, whereas it skids when 
moving down a slope (13).

The average slip ratio ​​ _ s ​​ of a lugged wheel on Yutu-2 over a tra-
verse between two adjacent waypoints can be expressed using the 
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average angular velocity ​​_ ​​, average linear velocity ​​ _ v ​​, and average 
shearing radius ​​​ _ r ​​ s​​​ as follows:

	​​ _ ​  = ​ ∫0​ 
​t​ p​​

 ​​( ) d /  ​t​ p​​​	 (2A)

	​​  _ v ​  = ​ ∫0​ 
​t​ p​​

 ​​v( ) d /  ​t​ p​​​	 (2B)

	​​ ​ _ s ​  = ​ {​​​1 − ​ _ v ​ / (​​ _ r ​​ s​​​
_ ​) (​​ _ r ​​ s​​​

_ ​  ≥ ​  _ v ​, 0  ≤  s  ≤  1)​   
​​ _ r ​​ s​​​

_ ​ / ​ _ v ​ − 1 (​​ _ r ​​ s​​​
_ ​  < ​  _ v ​, − 1  ≤  s  <  0)

 ​ ​​	 (2C)

where tp is the travel time of Yutu-2 between two adjacent way-
points. The average shearing radius, ​​​ _ r ​​ s​​​, can be computed as follows (13):

	​​​  _ r ​​ s​​  =  r + ​​ s​​ h​	 (3)

where r is the wheel radius, h is the height of the lugs, and s (1 ≤ s 
≤ 0) is the lug coefficient determined by the number of lugs and the 
internal friction angle of the soil.

Equation 2C can be rearranged as follows:

	​​ ​ _ s ​  = ​ {​​​
1 − ​ _ v ​ ​t​ p​​ / (​​ _ r ​​ s​​​

_ ​ ​t​ p​​) (​​ _ r ​​ s​​​
_ ​ ​t​ p​​  ≥ ​  _ v ​ ​t​ p​​, 0  ≤  s  ≤  1)

​    
​​ _ r ​​ s​​​

_ ​ ​t​ p​​ / (​ _ v ​ ​t​ p​​) − 1 (​​ _ r ​​ s​​​
_ ​ ​t​ p​​  < ​  _ v ​ ​t​ p​​, − 1  ≤  s  <  0)

 ​ ​​	 (4)

and further simplified as

	​​ ​ _ s ​  = ​ {​​​
1 − ​L​ gt​​ / ​L​ p​​ (​L​ p​​  ≥ ​ L​ gt​​, 0  ≤  s  ≤  1)

​   
​L​ p​​ / ​L​ gt​​ − 1 (​L​ p​​  < ​ L​ gt​​, − 1  ≤  s  <  0)

​​​	 (5)

where Lp is the planned travel mileage of Yutu-2 derived from loco-
motion commands and Lgt is the actual travel mileage.

Note that Yutu-2 takes images only at waypoints, and no images 
are captured during the traverse; hence, only the actual travel dis-
tance between two waypoints can be obtained. Thus, when Yutu-2 
travels in curves, the traverse mileage (arc length) is replaced with 
its corresponding chord length, which is the travel distance. Con-
sidering the locomotion states obtained during a traverse between 
two adjacent waypoints, Eq. 5 can be further rearranged as follows:

	​​ ​ _ s ​  = ​ {​​​
1 − ​D​ gt​​ / ​D​ p​​ (​D​ p​​  ≥ ​ D​ gt​​, 0  ≤  s  ≤  1)

​   
​D​ p​​ / ​D​ gt​​ − 1 (​D​ p​​  < ​ D​ gt​​, − 1  ≤  s  <  0)

​​​	 (6)

where Dp is the planned travel distance of Yutu-2 calculated using 
the coordinates of the starting and ending waypoints represented by 
x and y, respectively, and Dgt is the actual travel distance of Yutu-2 
estimated by visual localization.

In general, accurate wheel slip ratio at each moment can be esti-
mated using Eq. 1 with the measured rover speed. Unfortunately, 
the speed of Yutu-2 during movement was not available, and Eq. 6 
was used for average slip ratio estimation over two adjacent way-
points using the available distance data. In practice, on the basis of 
the raw localization results of Yutu-2 coordinates in the LSC refer-
ence system, the relative position between two adjacent waypoints 
can be computed as (∆x, ∆y), and the actual travel distance can be 
calculated as ​​√ 

_
  ​x​​ 2​ +  ​y​​ 2​ ​​. On the other hand, in the CE-4 mission, 

the planned waypoints of Yutu-2 are known and given in (x, y) co-
ordinates in the LSC reference system. Thus, it is simple to calculate 

the planned distance between two adjacent waypoints according to 
their relative position in the x and y directions, according to the 
actual travel distance. Although the results calculated using Eq. 6 
were obtained without knowing the vehicle speed, they are mean-
ingful because the distance between two waypoints is short (less 
than 14.28 m) and the terrain slope variation is small. Because, un-
der these conditions, the fluctuation of the wheel slip ratio should 
not be large, implying that the fluctuation of rovers’ velocity is 
small, together with the equal and constant angular velocities of all 
the wheels, the effect of speed variation of the vehicle during the 
movement should be small.

Slip ratio estimation based on wheel trace imprint
Rover trace contours can be used to infer the wheel-terrain interac-
tion characteristics. A clear and intact wheel imprint with a longitu-
dinal slip, as shown in fig. S3, consists of a series of trace units, and 
each trace unit can be divided into two areas: the lug-sheared area 
dug out by the lug itself and the hub-pressed area compressed by the 
wheel hub. The distance between two adjacent trace units is called 
the trace unit width and is denoted as xp.

The lug-sheared and hub-pressed areas occur alternatively, re-
sulting in a staggered pattern of the trace imprint. A larger slip ratio 
of the wheel is accompanied by a more compact pattern of lug im-
print, and the lug imprint of the trace is condensed with an increase 
in the wheel slip ratio. Thus, the slip ratio can be estimated based on 
the structural features of the wheel trace imprints without consider-
ing the lateral slip ratio, as follows (52):

	​​  _ s ​  =  1 −  ​x​ p​​ n / (2 ​​ _ r ​​ s​​) (0  ≤ ​  _ s ​  ≤  1)​	 (7)

where n is the number of lugs on the wheel. Because n and ​​​ _ r ​​ s​​​ are 
constants determined by the wheel configuration, ​​ _ s ​​ can be estimated 
by measuring xp.

By taking advantage of the same ratio of the trace unit width 
relative to the wheel width on both the orthograph and the actual 
size, we can estimate the distance between two adjacent trace units, 
xp, for a measured length of the trace unit on the trace imprint 
orthograph, pu, relative to the length of the wheel width on the trace 
imprint orthograph pw:

	​  ​x​ p​​  =  b × ​ 
​p​ u​​

 ─ ​p​ w​​ ​​	 (8)

where b is the wheel width.
An image processing method was introduced to extract xp with 

two key steps: view correction and trace feature extraction. The 
original image was first corrected with the camera extrinsic matrix 
to a top-view image. Then, each trace imprint unit was manually 
divided into independent areas, and trace imprint information, 
such as the trace unit width, were acquired. The wheel slip ratio was 
then estimated from the trace imprint using Eq. 7. When a series of 
continuous trace units were almost of the same width, their average 
trace unit widths were calculated to reduce the measurement error, 
and the average wheel slip ratio was deduced to represent the wheel 
slippage experienced by Yutu-2.

Soil parameter identification
Because Yutu-2 does not carry specific soil parameter identifica-
tion instruments, the rover wheel was used as a trenching device to 
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identify soil parameters, based on the wheel-terrain interaction. To 
estimate the soil parameters, the wheel-terrain interaction should 
be modeled. For a lugged rover wheel moving on the soft and deform-
able terrain with an angular velocity , as shown in Fig. 4A, the 
wheel is applied with a vertical load W and a resistance force fDP 
from the vehicle suspension, as well as a driving torque T at the 
wheel rotation axis by an actuator. The terrain interacts with the 
wheel circumference in the contact region, which corresponds to 
the angle divided into two parts: the entrance angle 1 from the ver-
tical, at which the wheel begins to make contact with the soil, and 
the exit angle 2 from the vertical, where the wheel loses contact 
with the soil. In the wheel-terrain interaction region (1 + 2), the 
continuous normal stress  to support the wheel, and the shearing 
stress  due to the relative movement are exerted on the wheel sur-
face, as shown in Fig. 4A. The point of maximum stress is denoted 
as m, according to which the stress region is divided into a forward 
part (1, 1), corresponding to the angle from 1 to m, and a rear 
part (2, 2), corresponding to the angle from m to 2.

Considering the shape of the wheel surface, the distributed nor-
mal stress along the wheel circumference is deduced from the 
Wong-Reece model (53) and improved by considering the slip sink-
age and lug effects. The improved model is named Ding’s model 
(54), which uses n0 + n1s to substitute for the conventional sinkage 
exponent n and can be used for small wheels with high slip sinkage. 
Ding’s model can be expressed as follows:

​​​

⎧
 

⎪
 ⎨ ⎪ 

⎩
​​​
​​​ 1​​( ) = ​(​​ ​ ​k​ c​​ ─ b ​ + ​k​ φ​​​)​​ ​r​​ N​ ​(cos  − cos ​​ 1​​)​​ N​ (​​ m​​  ≤    ≤  ​​ 1​​)​

​    
​​​ 2​​( ) = ​(​​ ​ ​k​ c​​ ─ b ​ + ​k​ φ​​​)​​ ​r​​ N​ ​{cos​[​​ ​​ 1​​ − ​  − ​​ 2​​ ─ ​​ m​​ − ​​ 2​​ ​ (​​ 1​​ − ​​ m​​ ) ​]​​ − cos ​​ 1​​}​​ 

N

​ (​​ 2​​  ≤    <  ​​ m​​)​
​​​

	 (9)

where b is the width of the wheel, kc is the cohesive modulus of the 
soil, kφ is the frictional modulus of the soil, and N is the variable 
sinkage exponent of wheel-terrain interaction that can be represented 
by a linear function of slip ratio s, as follows:

	​ N  = ​ n​ 0​​ + ​n​ 1​​ s​	 (10)

where n0 represents the static sinkage exponent and n1 represents 
the dynamic sinkage resulting from wheel slippage. The values of n0 
and n1 were determined on the basis of experiments, and the intro-
duction of the linear soil sinkage exponent led to a high affinity for 
fitting the slip-sinkage phenomenon of lugged wheels (20). Previously, 
the dynamic sinkage caused by slip ratio was not considered; thus, 
it was deemed that N = n, where n is the intrinsic sinkage exponent 
of the terrain.

The entrance angle 1 is a function of wheel sinkage z and can be 
expressed as

	​​ ​ 1​​  =  arccos [(r − z)/r]​	 (11)

and the exit angle 2 can be computed as

	​​ ​ 2​​  = ​ c​ 3​​ ​​ 1​​​	 (12)

where c3 is the coefficient of the exit angle, characterizing the ratio 
of the exit angle 2 to the entrance angle 1. According to Rankine’s 
theory of earth pressure (55), the active earth pressure (caused by the 

soil rebound) on deformable terrain (stress integration from m to 
2) is much smaller than the passive pressure (stress integration 
from 1 to m). Therefore, the active earth pressure is generally neg-
ligible (56), and the corresponding exit angle 2 is assumed to be 0. 
Consequently, the coefficient c3 for calculating the exit angle 2 is 
taken as zero in the calculation.

The maximum stress angle m can be computed as

	​​ ​ m​​  =  (​c​ 1​​ + ​c​ 2​​ s ) ​​ 1​​​	 (13)

where c1 and c2 are the coefficients of the wheel-terrain interaction 
angle. In the calculation, c1 and c2 are set to 0.5 and 0, respectively, 
and the value of m is equal to 0.5 times of 1. As shown in Fig. 4A, 
the stress distribution curves (blue line: the normal distribution 
curve; red line: the shear stress distribution curve) are asymmetric 
with respect to the angular location of the maximum stress m. 
However, in this case, 2 is assumed to be 0; thus, the angular lo-
cation of maximum stress m happens to occur midway between 
1 and 2.

The tangential stress () can be computed as

	​​
τ(θ ) = (c + σ(θ ) tan φ ) × {1 − exp(− ​r​ s​​ [ (​θ​ 1​ ′ ​ − θ)

​   
− (1 − s ) (sin ​θ​ 1​ ′ ​ − sin θ ) ] / K ) }

 ​​	  (14)

where c is the cohesion of the soil, φ is the internal friction angle, K 
is the shearing deformation modulus, rs is the equivalent shearing 
radius, and ​​​ 1​ ′ ​​ is the equivalent entrance angle. With the lug effect, 
the shearing stress occurs on the surface of the soil sticking to the 
wheel circumference due to the wheel lugs instead of the wheel out-
er cylinder surface, and the equivalent shearing radius rs can there-
fore be defined as follows (13):

	​​ r​ s​​  =  r + ​​ s​​ h (0  ≤ ​ ​ s​​  ≤  1)​	 (15)

where h and s have aforementioned in Eq. 3. For Yutu-2’s wheels, 
which are evenly equipped with lugs at 10-mm height, the value 
of s is about 0.5, according to the experimental results in (13). 
The equivalent entrance angle ​​​ 1​ ′ ​​ of a lugged wheel (20) can be 
computed as follows:

	​​ ​ 1​ ′ ​  =  arccos [(r − z ) / (r + h )]​	 (16)

When  approaches m, the corresponding normal stress and 
tangential stress approach their maximum, expressed as follows:

	​​​ ​ m​​  = ​ (​​ ​ ​k​ c​​ ─ b ​ + ​k​ φ​​​)​​ ​r​​ N​ ​(cos ​​ m​​ − cos ​​ 1​​)​​ N​​​	 (17)

	​​
​τ​ m​​  =  (c + ​σ​ m​​ tan φ ) × {1 − exp(− ​r​ s​​ [ (​θ​ 1​ ′ ​ − ​θ​ m​​)

​   
− (1 − s ) (sin ​θ​ 1​ ′ ​ − sin ​θ​ m​​ ) ] / K )}

 ​​	  (18)

When the wheel is in a quasi-static state, the effect of the distrib-
uted stress (normal stress  and tangential stress ) can be simplified 
to the normal force FN, drawbar pull FDP, and driving resistance 
torque MR by integrating along the wheel-terrain interaction area, 
which are balanced with the wheel load W, resistance force fDP, and 
driving torque T, respectively. For wheels on Yutu-2 having a max-
imum speed of 200 m/hour, the quasi-static condition is valid be-
cause the dynamic effects are negligible at low speeds. Therefore, 
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the force/torque balance equations for Yutu-2’s lugged wheels can 
be expressed as follows:

	​​​ F​ N​​  =  b​{​​​∫​​ 2​​​ 
​​ m​​

 ​​ [ r ​​ 2​​( ) cos + ​r​ s​​ ​​ 2​​( ) sin ] d + ​∫​​ m​​​ 
​​ 1​​

 ​​ [ r ​​ 1​​( ) cos + ​
r​ s​​ ​​ 1​​( ) sin ] d} = W​​

(19A)

	​​
​​F​ DP​​  =  b​{​​​∫​​ 2​​​ 

​​ m​​
 ​​ [ ​r​ s​​ ​​ 2​​( ) cos − r ​​ 2​​( ) sin ] d +​

​    

​∫​​ m​​​ 
​​ 1​​

 ​​ [ ​r​ s​​ ​​ 1​​( ) cos − r ​​ 1​​( ) sin ] d}= ​f​ DP​​

 ​​	  (19B)

	​​​ M​ R​​  = ​ r​s​ 
2​ b​[​​​∫​​ 2​​​ 

​​ m​​
 ​​ ​​ 2​​( ) d + ​∫​​ m​​​ 

​​ 1​​
 ​​ ​​ 1​​( ) d​]​​  =  T​​	 (19C)

According to Shibly et al. (57), the wheel-terrain interaction stress can 
be linearized as follows:

	​​​ {​​​​​ 1​​() = ​​ m​​(​​ 1​​ −  ) / (​​ 1​​ − ​​ m​​) (​​ m​​  ≤    ≤ ​ ​ 1​​)​    
​​ 2​​() = ​​ m​​( − ​​ 2​​ ) / (​​ m​​ − ​​ 2​​) (​​ 2​​  ≤    < ​ ​ m​​)

 ​​​	 (20)

	​​​ {​​​​​ 1​​( ) = ​​ m​​(​​ 1​​ −  ) / (​​ 1​​ − ​​ m​​) (​​ m​​  ≤    ≤ ​ ​ 1​​)​    
​​ 2​​( ) = ​​ m​​( − ​​ 2​​ ) / (​​ m​​ − ​​ 2​​) (​​ 2​​  ≤    < ​ ​ m​​)

 ​.​​	 (21)

Because the entrance angle is usually not large, and when  ap-
proaches 1, the corresponding normal stress and tangential stress 
all approach zero; Ding (58) proposed that the product of cos and 
stress can also be linearized, as shown in Eqs. 22 and 23. Let ​​​ m​ ′ ​  = ​
​ m​​ cos ​​ m​​​ and ​​​ m​ ′ ​  = ​ ​ m​​ cos ​​ m​​​.

	​​​ {​​​​​ 1​​( ) cos = ​​ m​ ′ ​(​​ 1​​ −  ) / (​​ 1​​ − ​​ m​​)​   
​​ 2​​( ) cos = ​​ m​ ′ ​( − ​​ 2​​ ) / (​​ m​​ − ​​ 2​​)

​​​	 (22)

	​​​ {​​​​​ 1​​( ) cos = ​​ m​ ′ ​(​​ 1​​ −  ) / (​​ 1​​ − ​​ m​​)​   
​​ 2​​( ) cos = ​​ m​ ′ ​( − ​​ 2​​ ) / (​​ m​​ − ​​ 2​​)

​.​​	 (23)

By applying Eqs. 20 to 23 in the wheel-terrain interaction model 
of Eq. 19 and ignoring the vertical component of the shearing stress, 
we obtained a simplified expression of FN as follows

	​​ F​ N​​  ≈  rb(​​ 1​​ − ​​ 2​​ ) ​​ m​​ cos ​​ m​​ / 2​	 (24)

whereas Eq. 24 can be rearranged as

	​​ ​ m​​  = ​   2 ​F​ N​​ ───────────  rb(​​ 1​​ − ​​ 2​​ ) cos ​​ m​​ ​​	 (25)

Note that Eqs. 17 and 25 represent two expressions for the max-
imum normal stress m. m can be calculated using Eq. 25 using the 
estimated FN, wheel sinkage, and wheel configuration parameters. 
The three bearing characteristic parameters, namely, cohesive mod-
ulus of soil kc, frictional modulus of soil kφ, and sinkage exponent 
N, remained unknown in Eq. 17. Because Yutu-2’s wheels rolled in 
different contact states with the soil, various m, m, and 1 were 
obtained, which were then used with Eq. 17 to solve the unknown 
characteristic parameters in that equation. Because the wheel width 
b for Yutu-2 is a constant and the bearing characteristic parameters 
kc, kφ, and N for the same type of soil are also constants, the term 
(kc/b + kφ) in Eq. 17 is a constant. Thus, under these conditions, kc 
and kφ cannot be solved using Eq. 17.

Therefore, the equivalent stiffness modulus Ks (Ks = kc/b + kφ) 
was estimated, instead of kc and kφ. The typical values of N obtained 
from the Apollo 15 mission were used with Eq. 17 to obtain the es-
timated soil stiffness Ks, which indicates the comparative stiffness of 
the lunar soil on the farside compared with that estimated for the 
soil sample obtained from the Apollo missions. The same method 
was used to estimate N of the soil. The process is illustrated in 
fig. S12.

In practice, the values of wheel radius r, wheel width b, wheel lug 
height h, and equivalent radius rs were constant and determined by 
Yutu-2’s wheel configuration, as shown in table S1. The normal 
force FN was estimated from the vertical load W, which can be com-
puted from a quasi-static force analysis of the rover with the knowl-
edge of rover configuration and mass distribution. The two key 
wheel motion state variables, slip ratio s and sinkage z, can be com-
puted using vision-based techniques or by kinematic analysis of the 
rover suspension. The wheel sinkage in this study was estimated on 
the basis of images (fig. S6) that show the edges of the rover wheels. 
Through image processing (59), the circular contour of the wheel 
and the crooked wheel-interaction curve were extracted on the or-
thographic image of the rover wheel. Then, the curve was fitted into 
a straight line using the least squares method on the pixel plane, as 
shown in fig. S13. Furthermore, the radius of the wheel rp and the 
distance of the wheel center to the wheel-terrain interaction line lp 
on the pixel plane were acquired, and the wheel sinkage was then 
estimated using the following equation:

	​ z  = ​ 
​r​ p​​ − ​l​ p​​

 ─ ​r​ p​​ ​ ​ r​ m​​​	 (26)

where z is the wheel sinkage and rm is the actual radius of the wheel. 
The soil-bearing characteristic parameters of the Apollo mission 
from (21)—including the cohesive modulus kc, frictional modulus 
kφ, and sinkage exponent N—are also shown in table S1. On the 
basis of the given parameters, for a wheel sinkage of 10 mm, the 
equivalent stiffness modulus (denoted by Ks) was estimated to be 
1280 kPa/mN, and the sinkage exponent N was estimated to be 0.91.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scirobotics.abj6660
Figs. S1 to S13
Tables S1 to S3
Data files S1 to S4
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