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ABSTRACT 28 
 29 

One drawback of wheeled robots is its capability to conquer large obstacles and perform well on complicated 30 

terrains, which limits its application in rescue missions. To provide a solution to this issue, an ant-like six-31 

wheeled reconfigurable robot, called AntiBot, is proposed in this paper. The AntiBot has a Sarrus 32 

reconfiguration body, a three-rocker-leg passive suspension and mechanical adaptable obstacle-climbing 33 

wheeled-legs. In this paper, we demonstrate through simulations and experiments that this robot can 34 
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change the position of its centre of mass actively to improve its obstacle crossing capability. The geometric 35 

and static stability conditions for obstacle crossing of the robot are derived and formulated, and numerical 36 

simulations are conducted to find the feasible region of the robot’s configuration in obstacle crossing. In 37 

addition, a self-adaptive obstacle crossing algorithm is proposed to improve the robot’s obstacle crossing 38 

performance. A physical prototype is developed, and based on which a series of experiments are carried out 39 

to verify the effectiveness of the proposed self-adaptive obstacle crossing algorithm. 40 

INTRODUCTION 41 
 42 

Wheeled mobile robots are the optimal solutions for well-structured 43 

environments like roads or flat and regular terrain, which have been widely used in 44 

disastrous scenarios with a focus on life detection and rescue [1, 2]. But off-road, their 45 

mobility is often limited and highly depends on the type of environments and the size of 46 

encountered obstacles [4]. Improving the climbing capability of wheeled rovers requires 47 

some special strategies, usually equipping the robot with passive mechanical suspensions, 48 

active reconfigurable suspensions or wheel-legged hybrid locomotion units. 49 

Passive suspensions are widely applied in the planetary exploration rovers such as 50 

the Spirit and Sojourner [3], the Shrimp [4, 5], the SOLERO [6] and the Jade Rabbit 2 [7]. 51 

On the planet’s surface characterized by desert, these robots can keep all wheels in 52 

contact with the ground through the mechanical adaption provided by passive 53 

suspensions, which improves the smoothness of the robot’s motion and balances the 54 

loads on each wheel. But passive suspensions also increase the size and mass of the 55 

robots, making them inconvenient to carry and transport and it is difficult for the robot 56 

to climb over vertical obstacles higher than its wheel size.   57 
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Robots with active reconfiguration suspensions can actively change their 58 

configurations by adjusting the suspension links and joints to improve its motion stability 59 

and traction. These robots include the MULE [8], the Crusher [9], the SRR [10, 11], the All-60 

terrain UGV proposed by Zhang et al. [12], and the passive-active hybrid mobile robot 61 

presented by Jian et al. [13]. The actively articulated suspension enhances the mobility of 62 

the robot but in the meanwhile increases the control complexity and power consumption 63 

of the robot, which makes the robot’s control system cumbersome. 64 

Wheel-legged hybrid locomotion, commonly attaching wheels to actuated legs 65 

like the Octopus [14], the ATHLETE [15, 16], the Hylos [17], and the four-bar wheel-legged 66 

rescue robot proposed by Ning et al. [18], is another innovative solution to improve the 67 

terrain adaptability and capability of obstacle crossing. Depending on the terrain, these 68 

robots can actively regulate their locomotion modes to adjust the position of the centre 69 

of mass (COM) and keep all wheels in contact with the ground. But too many joints and 70 

wheels that need to be actuated independently makes the control systems complex.  71 

It is obvious that active or hybrid locomotion extends the mobility of a robot but 72 

also increases the demands of power and control sources. But in the fields of rescue and 73 

planetary exploration, power consumption, complexity and reliability are the 74 

predominant criteria used to evaluate the performance of robots [4]. To simplify the 75 

control and sensing system, some robots locomote with rotating wheeled-legs. For 76 

instance, the Loper [19], the RHex [20], the ASGUARD [21], the FUHAR [22], the 77 

TurboQuad [23], the WheeLeR [24], the STEP [25] and the EPI.Q robot [26, 27]. These 78 

robots have strong mobility in rugged environments but are constantly subjected to 79 
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shocks and vibrations because of the rotating legs, which is not conducive to them to carry 80 

mission equipment such as cameras. 81 

Combining the virtues of the passive mechanical suspensions, active 82 

reconfiguration suspensions and rotating wheeled-leg robots, in this paper we propose 83 

an innovative six-wheeled reconfigurable robot called AntiBot, which can realize 84 

mechanical self-adaptive obstacle crossing through active reconfiguration control. 85 

Compared with the existing robots, there are three superiorities of the AntiBot. First of 86 

all, it has a mechanical adaptable three-rocker-leg suspension, which allows the robot to 87 

adapt to the undulation of rough terrain passively. Secondly, through reconfiguration and 88 

turning the adaptable obstacle-climbing wheeled-legs on both sides, it can cross obstacles 89 

higher than the diameter of its wheels adaptively. And the third, the AntiBot can 90 

reconfigure itself according to its geometric posture to improve its obstacle crossing 91 

capability. This design provides the proposed wheeled robot with powerful climbing 92 

capability and a simple control strategy, without any additional terrain sensors. In 93 

addition, the mathematical models of the robot’s reconfiguration and obstacle crossing 94 

are established, and geometric and static stability conditions of the robot’s obstacle 95 

crossing are derived. An efficient self-adaptive obstacle crossing algorithm is also 96 

proposed verified by field experiments. 97 

In this paper, we mainly focus on the modeling of reconfiguration control and 98 

obstacle crossing of the AntiBot. In Section 2, we firstly present the design criteria and 99 

concept, reconfiguration and mechanical adaption principle of this robot. Then, Section 3 100 

establishes reconfiguration model of this robot, and based on which the kinematic and 101 
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static analyses of the robot’s reconfiguration are conducted. Section 4 presents the 102 

geometric and static stability conditions for obstacle crossing of the robot, and 103 

simulations are conducted to find the relation between the robot’s configuration and 104 

obstacle crossing capability. A physical prototype of the robot is developed and an 105 

adaptive obstacle crossing algorithm is proposed in Section 5, leading to the obstacle 106 

crossing experiments that verifies the effectiveness of the algorithm. Conclusions and 107 

future work are addressed in Section 6. 108 

 109 
2. MECHANICAL DESIGN OF THE ANTIBOT AND RECONFIGURATION PRINCIPLE 110 

 111 

In this section, the design criteria of the AntiBot are firstly proposed, and the 112 

detailed mechanical design of the robot is presented.   113 

 114 
2.1 Design criteria and concept 115 
 116 

The AntiBot is proposed for rescue detection in disastrous fields. It is expected to 117 

be a portable robot with light weight, small volume, strong obstacle crossing capability 118 

and easy operation. The design criteria are as follows: 119 

1) Light weight. To enable the user to carry the AntiBot with ease, the total weight of 120 

the robot is required to be less than 10 kg. 121 

2) Small volume. The AntiBot should be convenient to carry, transport and store. And it 122 

can enter the narrow space such as collapsed buildings and earthquake ruins. Hence, 123 

the size of the robot is limited within 800 mm × 450 mm × 200 mm. 124 
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3) Strong obstacle crossing capability. The AntiBot aims at moving in rugged terrain and 125 

climbing over obstacles that is higher than the diameter of its wheels. It should be 126 

able to climb over vertical obstacles of about 200 mm height. 127 

4) Easy operation. The AntiBot should be simple to operate. It shall be able to climb 128 

over obstacles adaptively without complex operation procedures from the user.  129 

 130 

Based on the criteria, and taking the idea of an ant using its two-section body to 131 

adjust its posture (Fig. 1(a)), the AntiBot is designed and illustrated in Fig. 1. The robot 132 

consists of a reconfigurable two-section body connected by a Sarrus-variant mechanism, 133 

two mechanical adaptable obstacle-climbing wheeled-legs and a three-rocker-leg passive 134 

suspension (Fig. 1(b)). Through reconfiguration, the robot can be folded up for users to 135 

carry on the back (Fig. 1(c)). And by turning the mechanical adaptable obstacle-climbing 136 

wheeled-legs, the robot can climb over obstacles higher than the diameter of its wheels 137 

(Fig. 1(d)). The operator can send motion commands to the robot and monitor its status 138 

information through a handheld ground workstation (Fig. 1(e)). 139 

 140 
2.2 Sarrus reconfiguration body 141 
 142 

The Sarrus reconfiguration body consists of a front body, a rear body and a Sarrus-143 

variant mechanism (see Fig. 2(a)). The front body is independently driven by two walking 144 

wheels, which are propelled by two front DC motors respectively. Two groups of obstacle-145 

climbing wheeled-legs are symmetrically distributed on both sides of the rear body and 146 

driven by two rear DC motors separately. The front and rear bodies are connected by a 147 

Sarrus-variant mechanism, which provides the relative rotation and foldability between 148 
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the two bodies. Implemented by the Sarrus-variant mechanism, the robot can realize the 149 

reconfiguration of its body. 150 

As shown in Fig. 2, the Sarrus-variant mechanism is a single degree of freedom 151 

linkage mechanism, which can convert limited circular motion into linear motion and vice 152 

versa [28]. It is constituted of a top plate, a 4-link upper connecting group, a 4-link lower 153 

connecting group, a bottom plate, a stepping motor, a connecting shaft, a screw nut and 154 

rod. The top plate, the upper and lower connecting groups and the bottom plate are 155 

sequentially linked by three sets of parallel revolute joints. The Sarrus-variant mechanism 156 

can achieve a linear reciprocating motion with the stepping motor on the top plate driving 157 

the bottom plate through the screw rod and nut (see Fig. 2(b) to Fig. 2(d)). Through 158 

extension and contraction, the mechanism can change the geometric configuration of the 159 

robot (see Fig. 2(e) to Fig. 2(g)). Besides, the top plate of the mechanism also provides a 160 

relatively stable installation platform for task equipment such as cameras and life-161 

detectors. 162 

 163 
2.3 Mechanical adaptable three-rocker-leg suspension 164 
 165 

The robot adopts a three-rocker-leg passive suspension structure, which consists 166 

of three parts: the robot’s front body, the left and right mechanical adaptable obstacle-167 

climbing wheeled-legs, as shown in Fig. 3(a). The three-rocker-leg passive suspension 168 

provides the robot capability to passively adapt to the fluctuations of the terrain and keep 169 

all the six wheels in contact with the ground, which improves the smoothness of the 170 

robot’s motion, such as the scenarios shown in Fig. 3(b). Studies on the smoothness of 171 

the robot’s motion can refer to another companion robot in Song et al. [29], which has a 172 
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similar three-rocker-leg passive suspension. This passive suspension structure can 173 

effectively reduce the fluctuation of the height of the robot’s CoM and slow down the 174 

changes of the robot’s pitch angle when the robot is crossing obstacles unilaterally. 175 

 176 
2.4 Mechanical adaptable obstacle-climbing wheeled-leg 177 
 178 

As shown in Fig. 4(a), the obstacle-climbing wheeled-leg contains a parallel-axis 179 

gear train driven by a DC motor, a planetary gear train accommodated in the wheeled-leg 180 

(planetary gear frame) and two obstacle-crossing wheels fixed on the wheel shafts on 181 

both ends of the wheeled-leg. 182 

As shown in Fig. 4(a), the parallel-axis gear train is composed of a motor gear (gear 183 

1 in Fig. 4(b)), a primary gear (dual gear 2 and 2' in Fig. 4(b)) and a secondary gear (gear 3 184 

in Fig. 4(b)). The planetary gear train is constituted of a sun gear (gear 3' in Fig. 4(b)), a 185 

planetary frame, four planetary gears (gear 4, 5, 6, 7 in Fig. 4(b)) and a wheel shaft on 186 

each side. The secondary gear of the parallel-axis gear train and the sun gear of the 187 

planetary gear train rotate synchronously, sharing the same central transmission shaft, to 188 

transmit the amplified motor output torque to the wheeled-leg.  189 

When the robot moves on the flat ground, the parallel-axis gear train will be 190 

maintained as a fixed-axis gear train. The wheeled-leg will swing with the undulations of 191 

the terrain and keep the wheels in contact with the ground to maintain the smoothness 192 

of the robot’s motion as described in Section 2.3.  193 

When the robot encounters an obstacle, as shown in Fig. 4(c), it takes six steps for 194 

it to climb over the obstacle. Step I, firstly, the robot transforms itself into the V-shaped 195 

configuration and moves forward until its front walking wheels come into contact with 196 
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the vertical surface of the obstacle.  Step II, the robot keeps moving to increasing the 197 

pressure between the front walking wheels and the obstacle’s vertical surface. In this 198 

case, the friction between the walking wheels and the vertical surface increases gradually 199 

and pulls the robot’s front body up along the vertical surface. Step III, after the front 200 

walking wheels climb onto the upper surface of the obstacle, the robot will continue to 201 

move until the front obstacle-crossing wheels contact the vertical surface. Step IV is the 202 

most crucial step for the robot to climb over the obstacle, once the obstacle-crossing 203 

wheels are blocked by the obstacle, the planetary gear train will be converted into an 204 

epicyclic gear train. By setting the transmission ratio i73 between the wheel shaft (gear 7 205 

in Fig. 4(b)) and the sun gear (gear 3' in Fig. 4(b)) greater than 1, the amplified motor 206 

output torque can drive the wheel-legs to turn around the front obstacle-crossing wheels 207 

and prop up the robot’s rear body when the front obstacle-crossing wheels are blocked 208 

by the obstacle. In the meantime, the front walking wheels keep dragging the robot 209 

forward to maintain the obstacle-crossing wheels applying enough pressure to the 210 

obstacle’s vertical surface. So, the vertical surface can apply sufficient friction to the front 211 

obstacle-crossing wheels to prevent them from slipping. Step V, the wheel-legs will flip 212 

persistently until the rear obstacle-crossing wheels contact the edge of the obstacle. And 213 

Step VI, the robot climbs the obstacle with all the six wheels, leading to the stage that the 214 

whole robot comes over the obstacle. 215 

 216 
2.5 Comparison with other robots 217 
 218 

Take the Antibot into comparison with some typical and novel mobile robots, as 219 

shown in Table 1. Some basic features are taken into account to evaluate the robots’ 220 
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obstacle crossing performance [22]. The features include the size, weight, radius and 221 

number of wheels, obstacle crossing height and the transformation ratio (the ratio of the 222 

maximum obstacle crossing height to the wheels’ radius). And the obstacle crossing 223 

mechanism and method adopted by the robot are also considered. 224 

It can be seen that the AntiBot has high obstacle crossing height and 225 

transformation ratio simultaneously. Compared with the Epi.q-TG which also has rotating 226 

wheeled-legs, the AntiBot has higher obstacle crossing height and fewer wheels. And the 227 

AntiBot can reconfigure itself autonomously according to its posture to cross obstacles of 228 

different heights adaptively, but the Epi.q-TG can’t. The STEP can reconfigure its 229 

transformable wheels according to the obstacle height, but the trajectory needs to be 230 

planned by the operator before. The Quattroped can automatically switch to stair 231 

climbing gait or step/bar crossing gait when it confronts the obstacles, but the leg–wheel 232 

switching is done manually. The RHyMo can climb obstacle mechanical adaptively, but 233 

the novel Rocker-Bogie platform increase the robot’s mass and velocity. In comparison, 234 

the AntiBot has excellent obstacle crossing performance and can climb obstacles without 235 

operators, which has a broad application prospect in disastrous scenarios characterized 236 

by uneven terrain and irregularities.  237 

In this section, the design concept of the robot and the mechanical principle of the 238 

Sarrus-variant mechanism are illustrated. And the comparison between the AntiBot and 239 

some novel mobile robots is taken out. It can be seen that the reconfiguration of the robot 240 

mainly depends on the Sarrus-variant mechanism’s structural change. To analyze the 241 

changes of all wheels’ speed and force during the process of the robot’s reconfiguration, 242 
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in the next section, the kinematic and static models of the robot’s reconfiguration process 243 

are presented. And through numerical simulations, the relationship between the output 244 

torque and speed of each motor in the process is obtained to realize the dynamic control 245 

of the robot’s reconfiguration. 246 

 247 
3. MODELING OF RECONFIGURATION CONTROL 248 

 249 

The reconfiguration process of the robot is shown in Fig. 5. When the robot is 250 

transformed from the flat configuration to the V-shaped configuration, the stepping 251 

motor pulls the bottom plate to contract the Sarrus-variant mechanism. At the same time, 252 

the output torques of the front motor and the rear motor are opposite, which makes the 253 

front walking wheel and the obstacle-crossing wheel move in opposite directions, the 254 

wheelbase of the robot is shortened, and the pitch angle of the rear body increases. When 255 

the robot transforms itself from the V-shaped configuration to the flat configuration, the 256 

Sarrus-variant mechanism is extended, and the wheelbase of the robot is increased. 257 

It can be seen from Fig. 5 that to realize of the robot’s reconfiguration, the robot 258 

not only needs to control the extension and contraction of the Sarrus-variant mechanism 259 

but also needs to control the output of each DC motor. The front and rear motors have 260 

to cooperate with the stepping motor in speed and output enough torque to relieve the 261 

load on the screw rod so that the stepping motor will not be out of step. Hence, to reveal 262 

the relationship between the output torque and speed of each motor, the kinematic and 263 

static models are presented in the following sections. 264 

 265 
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 266 
3.1 Kinematic model of reconfiguration 267 
 268 

As depicted in Fig. 5, the wheelbase of the robot will be changed when the 269 

stepping motor pushes or pulls the Sarrus-variant mechanism to extend or contract. So, 270 

the front and rear wheels must also move correspondingly to match the change of the 271 

robot’s wheelbase. In this section, taking the reconfiguration of the robot on the flat 272 

ground as an example, the robot’s kinematic model is established to quantitatively 273 

describe the changes of the robot’s configuration. 274 

Assuming that the robot does not change its motion direction, the robot’s 275 

reconfiguration is simplified to the motion on a plane for analysis. The main geometrical 276 

parameters of the robot are shown in Fig. 6: O0{X0, Y0, Z0} is the fixed coordinate frame, 277 

O1{X1, Y1, Z1} is the robot coordinate frame located at the intersection of the centerline of 278 

the robot’s rear body and the rotation axe of the wheeled-legs on both sides. r is the radii 279 

of the front walking wheels and the obstacle-crossing wheels. lb' is the length of the front 280 

and rear body. ld is the length of the wheelbase. le is the length of the wheeled-leg. l1 is 281 

the length of the upper connecting link of the Sarrus-variant mechanism, l2 is the length 282 

of the lower connecting link, and l3 is the width of the bottom plate of the Sarrus-variant 283 

mechanism. δ is the rotation angle of the rear body with respect to the coordinate frame 284 

O1{X1, Y1, Z1} in the X1 - Y1 plane, which is treated as the variant angle of the robot. δ' is 285 

the angle of the upper connecting link relative to the vertical direction. 286 

According to the geometric relationship between the robot and the obstacle, the 287 

following formulas can be obtained: 288 
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where dld/dt is the difference (vw - vo) between the speed vw of the robot’s front 294 

walking wheel and the speed vo of the obstacle-crossing wheel. dls/dt is the feed speed 295 

vm of the screw rod.  296 

Set the rotation speed of the stepping motor to nm and that of the front walking 297 

wheel and the obstacle crossing wheel to nw and no. Then the feed speed of the screw rod 298 

is vm = pnm, where p is the lead of the screw. The speed difference between the front 299 

walking wheel and the obstacle crossing wheel is vw - vo = 2πr(nw - no). The proportional 300 

relation k between nw - no and nm can be obtained as follow 301 
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Therefore, as long as the output speed of each motor is set to meet the equation 303 

(nw - no)/nm = k, the robot can reconfigure itself during motion and the stepping motor 304 

will not be out of step. 305 

 306 
3.2 Static model of reconfiguration 307 
 308 

In the reconfiguration process, the Sarrus-variant mechanism changes the variant 309 

angle δ of the robot by adjusting the length of ls. Then the front and rear wheels will be 310 

pushed or dragged correspondingly to change the robot’s wheel base. However, due to 311 

the existence of DC motors’ holding torques, only relying on the stepping motor in the 312 

Sarrus-variant mechanism to push or drag the front and rear wheels is very difficult. 313 

Hence, the front and rear DC motors must output appropriate torques simultaneously to 314 

reduce the burden of the stepping motor. To reveal the mathematical relationship 315 

between the output torques of the stepping motor and DC motors, the static model of 316 

the robot’s reconfiguration is founded in this section. 317 

Figure 7 shows the static condition of the robot during its transformation from the 318 

V-shaped configuration to the flat configuration. Currently, the front motors output anti-319 

clockwise torques to move the front walking wheels forward, the rear motors output 320 

clockwise torques to push the obstacle-crossing wheels backward, and the stepping 321 

motor pushes the bottom plate vertically downward to extend the Sarrus-variant 322 

mechanism. 323 

In Fig. 7, N1, N2, N3 represent the supporting forces of the ground on the robot’s 324 

front walking wheels, front obstacle-crossing wheels and rear obstacle-crossing wheels 325 
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respectively. f1, f2, f3 represent the friction forces of the ground against the front walking 326 

wheels, the front obstacle-crossing wheels and the rear obstacle-crossing wheels 327 

respectively. The output torque of the front motors is T1 and that of the rear motors is T2. 328 

F1 is the acting force of the Sarrus-variant mechanism’s upper connecting link on the 329 

robot’s front body, F1x and F1y are the acting forces of the bottom plate on the robot’s 330 

front body in the horizontal and vertical directions respectively. Because compared with 331 

the entire robot, the mass of each part of the Sarrus-mechanism is very small, the upper 332 

connecting link on the mechanism can be regarded as a two-force rod by omitting the 333 

mass of the Sarrus-variant mechanism. And the direction of the force F1 is also along the 334 

rod. Correspondingly, F2 is the acting force of the Sarrus-variant mechanism’s upper 335 

connecting link on the robot’s rear body, F2x and F2y are the acting forces of the bottom 336 

plate on the robot’s rear body in the horizontal and vertical directions respectively. And 337 

F2 also follows the rod direction. mfb, mrb, mw, ma represent the mass of the front body, 338 

the rear body, the front walking wheel, and that of the wheeled-leg (including the mass 339 

of two obstacle-crossing wheels) respectively. m represents the mass of the whole robot 340 

and m = mfb + mrb + 2mw + 2ma. To simplify the analysis, assuming that the robot is 341 

reconfiguring in the original position, and then the forces on the robot are balanced in 342 

the horizontal direction. And all the wheels are pure rolling, so the wheels are only subject 343 

to rolling friction. It can be obtained that 344 

 1 2 3f f f   (4) 345 

According to the meshing relationship in Fig. 4(b), the transmission ratio from the 346 

sun gear to the obstacle-crossing wheel is i37, the transmission ratio from the motor gear 347 
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to the sun gear is i13. So, the relationship between the friction torque of the obstacle-348 

crossing wheels and the output torque of the rear motor can be obtained 349 

    2 3 2 13 37+f f r T i i  (5) 350 

Based on the analysis of the static condition of the robot’s front body, the 351 

following equations can be derived 352 
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 (6) 353 

In Eq. (6), the first line represents the torque equilibrium equation of the front 354 

walking wheels about point D. The second line represents the torque equilibrium 355 

equation of the robot about point O1. The third line represents the torque equilibrium 356 

equation of the robot about the connection point (H1) between the front body and the 357 

Sarrus-variant mechanism. The fourth and fifth line represent the static equilibrium 358 

equations of the robot’s front body in the horizontal and vertical directions, respectively. 359 

The following two equations can be derived from Eq. (6). 360 
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In the same way, based on the analysis of the static condition of the robot’s rear 363 

body, the following equations can be derived 364 
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 (9) 365 

In Eq. (9), the first line represents the torque equilibrium equation of the front and 366 

rear obstacle crossing wheels about point O1. The second line represents the torque 367 

equilibrium equation of the wheeled-leg about point O1. The third line represents the 368 

torque equilibrium equation of the robot about point D. The fourth line represents the 369 

torque equilibrium equation of the robot about the connection point (H1) between the 370 

rear body and the Sarrus-variant mechanism. The fifth and sixth line represent the static 371 

equilibrium equations of the robot’s rear body in the horizontal and vertical directions, 372 

respectively. The following two equations can be derived from Eq. (9). 373 
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Equations. (7), (8), (10) and (11) can lead to the following equation 376 

          2
1 2 3 2 13 1 1 2 2

cos cos
sin sin

2 2
fb rb b
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 (12) 377 

Substituting Eq. (5) and the first line of Eq. (6) into Eq. (12), it can be obtained that 378 

      2 13 37 1 2
2 13 1 1 2 2

cos cos
sin sin

2 2
fb rb b

b

m g m g l T i i T l
l T i T F F l

r r

   
               

  
 (13) 379 

Fig. 8 shows the static condition of the Sarrus-variant mechanism, where F1' is the 380 

reaction force of the robot’s front body to the upper connecting link, F1x' and F1y' are the 381 

horizontal and vertical reaction forces of the front body to the bottom plate respectively. 382 

Accordingly, F2' is the reaction force of the robot’s rear body to the upper connecting link, 383 

F2x' and F2y' are the horizontal and vertical reaction forces of the rear body to the bottom 384 

plate respectively. Similarly, the directions of F1' and F2' are also along the upper 385 

connecting link. And Ns is the pulling force of the screw to the bottom plate. 386 

According to the static condition of the Sarrus-variant mechanism, there is 387 

  1 2 cossN F F       (14) 388 

According to Newton’s third law, the force and reaction force between the Sarrus-389 

variant mechanism and robot’s front and rear bodies are equal in magnitude and opposite 390 

in direction, so there is 391 

  1 2 cossN F F     (15) 392 

Substitute Eq. (15) into Eq. (13), the pulling force Ns1 of the screw rod on the top 393 

and bottom plates when the robot transforms itself to the flat configuration can be 394 

obtained as 395 
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 (16) 396 

In the light of Eq. (4), Eq. (5) and the first line of Eq. (6), the relationship between 397 

the output torque of the front and rear motor can be obtained as 398 

 1 2 13 37T T i i  (17) 399 

Substitute Eq. (17) into Eq. (16), Ns1 can be expressed as 400 
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 (18) 401 

Eq. (18) represents the pulling force Ns1 of the screw rod on the top and bottom 402 

plates when the robot transforms itself to the flat configuration. From Eq. (18) we can 403 

find that the magnitude of Ns1 mainly depends on δ and T1. So, when T1 = 0, it represents 404 

the pulling force Ns0 of the screw rod when the robot is in the natural state. As shown in 405 

Fig. 9, at this moment, the front and rear motors will not output torque, and all wheels of 406 

the robot will not be subject to friction. 407 

And Ns0 can be expressed as 408 
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Figure 10 shows the static condition of the robot during its transformation to the 410 

V-shaped configuration. At this time, the rear motors output anti-clockwise torques to 411 

move the obstacle-crossing wheels forward, the front motors output clockwise torques 412 

to drag the front walking wheels backward, and the stepping motor pulls up the bottom 413 

plate vertically to contract the mechanism. 414 

Compared with the robot’s transformation to the flat configuration, the output 415 

torques of the front and rear motors are in the opposite directions. Therefore, the front 416 

and rear wheels are subject to friction in opposite directions. The pulling force Ns2 of the 417 

screw rod on the top and bottom plates at this time can be obtained as 418 

 

 

 

1 2
1

37

2
2

cos 2 cos 1
sin 1 cos

2 2

sin

fb rb b

b

s

m g m g l T l
l T

r i
N

l

  

 

                  
 

 (20) 419 

 420 
3.3. Reconfiguration simulation 421 
 422 

In the previous sections, we have established the mathematical model of the 423 

robot’s reconfiguration. Reconfiguration of the robot can only be achieved if the output 424 

torque and speed of each motor are within the feasible range of its electrical parameters. 425 

So, in this section, the numerical simulation is conducted to find the feasible range of the 426 

output speed and torque of each motor in the process of reconfiguration. 427 

In this simulation, the geometric and mass parameters of the robot are assigned 428 

as: the robot’s front body mass mfb = 3.6 kg, rear body mass mrb = 2 kg, front and rear 429 

body length lb' = 220 mm, walking wheel mass mw = 0.55 kg and radius r = 77.5 mm, 430 

mechanical adaptable obstacle-climbing wheeled-leg length le = 210 mm and mass ma = 431 
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1.6 kg. The geometrical parameters of the Sarrus-variant mechanism are l1 = 80 mm, l2 = 432 

56 mm and l3 = 51 mm respectively. The transmission ratio between the wheel shaft and 433 

the sun gear, denoted as i73, is set to 3.8. The transmission ratio between the motor gear 434 

and the secondary gear, denoted as i13, is set to 5.5. The geometric and mass parameters 435 

are designed according to the robot’s design criteria in Section 2.1. 436 

Firstly, the feasible region of the motors’ output speed is analyzed. Substitute the 437 

robot’s geometric parameters into Eq. (3), the curve of k as a function of δ is illustrated in 438 

Fig. 11. It can be seen from the figure that with the increase of the variant angle δ, the 439 

proportional coefficient k increases gradually, and the maximum value is about 0.032. In 440 

the process of the robot’s reconfiguration, if the value of (nw - no)/nm is less than k, the 441 

feed motion of the screw rod will be hindered. However, it is complex to change the 442 

output speed of the front and rear motors according to k during the reconfiguration 443 

process. So, to simplify the robot’s control strategy, if the value of (nw - no)/nm is set to 444 

always greater than 0.032 during the reconfiguration, then the stepping motor can also 445 

drive the Sarrus-variant mechanism fluently. 446 

Secondly, the feasible range of the motors’ output torque is analyzed. In the 447 

process of the robot’s reconfiguration, the pulling force Ns of the screw rod determines 448 

the output torque of the stepping motor. Set the lead of the screw rod p = 2 mm and the 449 

transmission efficiency η = 90%, then the output torque Tm of the stepping motor can be 450 

written as 451 

 
2

s
m

pN
T


  (21) 452 
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Substitute Eq. (19) into Eq. (21), the holding torque Tm0 of the stepping motor, when the 453 

robot is in its natural state, can be obtained as 454 
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 (22) 455 

In the same way, when the robot transforms itself into the V-shaped configuration, the 456 

output torque Tm2 of the stepping motor is 457 
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 (23) 458 

As shown in Fig. 12, take T1 as 0, 100 mN·m, 300 mN·m, 500 mN·m and 1000 mN·m 459 

respectively and draw the curve of Tm2 as a function of δ. The results show that with the 460 

increase of the robot’s variant angle δ, the output torque of the stepping motor decreases 461 

gradually in the process of the robot transforming itself into the V-shaped configuration. 462 

And the larger the torque T1 output by the front DC motors, the smaller the torque Tm2 463 

required to be output by the stepping motor. Therefore, in order to lighten the output 464 

burden of the screw motor and make the value of Tm2 less than 0.1 N·m, the value of T1 465 

should be more than 300 mN·m. 466 

When the robot transforms itself into the flat configuration, the direction of the 467 

output torque Tm1 is the same as that of the output torque Tm0. Therefore, as long as Tm1 468 

> 0, the robot can complete the transformation to the flat configuration. We only need to 469 

study the magnitude of the pulling force Ns1 of the screw rod. Take T1 as 0, 100 mN·m, 470 

300 mN·m, 500 mN·m and 1000 mN·m respectively and make the curve of Ns1 as a 471 

function of δ, as depicted in Fig. 13. As can be seen from the figure, with the decrease of 472 
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the robot’s variant angle δ, the pulling force Ns1 of the screw rod increases gradually in 473 

the process of the robot transforming itself into the flat configuration. And the larger the 474 

torque T1 output by the front DC motors, the larger the value of Ns1. Therefore, the output 475 

torque of the DC motors should not be too large to prevent the load on the lead screw 476 

from exceeding its bearing range. 477 

 478 
4. MODELING OF ROBOT SELF-ADAPTIVE OBSTACLE CROSSING 479 

 480 

In the previous section, we have established the kinematic and static model of the 481 

robot’s reconfiguration. Through reconfiguration, the robot improves its capability to 482 

climb obstacles. But for obstacle crossing, the robot must satisfy two conditions: the static 483 

stability condition and geometric condition. For the static stability, the robot must 484 

maintain balance during the whole obstacle-crossing process. For the geometric 485 

condition, the robot cannot interfere or collide with obstacles in the process of obstacle 486 

crossing. In this section, the static stability and geometric conditions for obstacle crossing 487 

are formulated and analyzed to find the relation between the configurations and the 488 

obstacle crossing capability of the proposed robot. 489 

 490 
4.1 Model of static stability 491 
 492 

Referring to Fig. 4(c). III - Fig. 4(c). IV, the robot is most prone to overturn after the 493 

front obstacle crossing wheels are blocked by the obstacle, because the pitch angle of the 494 

robot is the largest at this time in the whole process. It can be assumed that if the robot 495 

can keep balance in this stage, the robot can maintain static stability during the whole 496 
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process. Therefore, we only need to analyze the static stability of the robot in this 497 

obstacle-crossing stage. In this section, the static stability margin (SSM) [30] is used to 498 

discuss the static stability of the robot in obstacle-crossing process. 499 

Figure 14 shows the geometry of the robot when its front obstacle crossing wheels 500 

are in contact with the obstacle. Compared to the robot’s body, the Sarrus-variant 501 

mechanism is small in size and has a symmetrical structure. So, it can be assumed that 502 

the volume of the mechanism is ignored, and its size is evenly distributed on the front and 503 

rear bodies to simplifies the analysis. lb represents the length of the front and rear body 504 

including the Sarrus-variant mechanism’s size. d represents the thickness of the robot’s 505 

body. P1 represents the centre of mass (CoM) of the robot. C1 represents the contact point 506 

between the front walking wheels and the top surface of the obstacle. C2 represents the 507 

contact point between the front obstacle-crossing wheels and the ground. 508 

The static stability margin (SSM) for a given support polygon is defined as the 509 

smallest of the distances from the CoM’s projection to the edges of the support polygon, 510 

and the static stability condition is SSM > 0 [30]. After the front obstacle crossing wheels 511 

are in contact with the obstacle, the stability condition of the robot is secured if the 512 

projection of CoM of the robot (P1) on the X0-axis, 0x1, lies between the contact points C1 513 

and C2, that is 514 

 
2 1

0 0 0
1C Cx x x＜ ＜  (24) 515 

To solve the inequality, we first find the coordinates of the robot’s CoM in the 516 

fixed coordinate frame O0{X0, Y0, Z0}. For the convenience of analysis, assuming that the 517 
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CoM of each part of the robot is at its geometric centre, the expression of the CoM of the 518 

robot in the robot coordinate frame O1{X1, Y1, Z1} is 519 
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After that, the rotation matrix of the robot coordinate frame O1{X1, Y1, Z1} relative 521 

to the fixed coordinate frame O0{X0, Y0, Z0} can be obtained as [31] 522 
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 (26) 523 

In Eq. (26), α, β, γ are, respectively, the pitch angle, steer angle and roll angle of 524 

the robot. These angles can be detected with the gyroscopic sensors attached to the 525 

robot. Let the coordinates of the origin O1 expressed in the fixed coordinate frame be (a, 526 

b, c). The transformation matrix of the robot coordinate frame O1{X1, Y1, Z1} relative to 527 

the fixed coordinate frame O0{X0, Y0, Z0} can be obtained in the homogeneous 528 

transformation matrix form as 529 
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Τ  (27) 530 

In the process of obstacle crossing, the change of the robot’s pitch angle α is much 531 

greater than the roll angle γ and the steering angle β. By omitting the roll angle γ and the 532 

steer angle β, the robot’s centre of mass coordinate expressed in the fixed coordinate 533 

frame O0{X0, Y0, Z0} can be obtained as 534 
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TP P  (28) 535 

In the same way, the coordinates of the robot’s CoM and the contact points C1 536 

and C2 on the X0 axis of the fixed coordinate frame can be obtained: 537 
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And the relationship between the robot’s pitch angle α and obstacle height h can 541 

be obtained as 542 

 2 cos sinbl r h r      (32) 543 

Substitute Eq. (29)-(31) into (24), the static stability condition can be expressed as 544 

the following two functions 545 
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Because 

3
2

4 4
fb rb
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m m
m

m

 
  

 
 is always less than 1 and α is always larger than 0 in 548 

this configuration, cos α > 0, sin α > 0 and S1(α) > 0. 549 

So, the condition of the robot’s static stability can be summarized as one function 550 
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where,  sin 2 cosbh l 
 and 

  2
cos 1 2 cosbh l  

. 552 

 553 
4.2 Model of geometric passing capability 554 
 555 

Except the static stability condition, the robot also has to satisfy the geometric 556 

condition. When the robot climbs over the obstacle, it should try to avoid the contact 557 

between the robot’s body and the obstacle before the rear obstacle-crossing wheels 558 

touching the obstacle. Even if contact occurs, it should have a mechanism of 559 

disengagement, so that the robot has a good geometric passing capability. 560 

According to Fig. 4(c), the robot’s body is most prone to touch the edge of the 561 

obstacle after the front walking wheels climbing over the obstacle. When the robot’s main 562 

body collides with the edge of the obstacle, the robot will continue to turn over the 563 

wheeled-legs to prop up the rear body because its movement is hindered. When the 564 

wheeled-legs are perpendicular to the ground, the CoM of the robot is at the highest 565 

position, as shown in Fig. 15. 566 

If the CoM of the robot is higher than the upper surface of the obstacle and within 567 

the edge of the obstacle simultaneously at this time, that is, the robot’s CoM has climbed 568 
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over the obstacle, even if the obstacle-crossing wheels cannot touch the edge of the 569 

obstacle, the robot can still climb up the obstacle relying on the traction of the front 570 

walking wheels. If the robot’s CoM is still lower than the height of the obstacle, or outside 571 

the edge of the obstacle, the robot cannot move forward anymore. Therefore, in Fig. 15, 572 

the geometric condition of robot’s obstacle crossing can be expressed as 573 
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 (36) 574 

where, (0x1, 0y1) represents the coordinates of the robot’s CoM in the fixed coordinate 575 

frame O0{X0, Y0, Z0} at this time. According to the geometric relationship between the 576 

robot and the obstacle, there are 577 
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in which, dc represents the distance from the contact point between the rear body and 579 

the edge of the obstacle to the origin O1. It can be obtained from Eq. (35) that 580 
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Substitute Eq. (36) into Eq. (26) and the coordinates of the robot’s CoM can be obtained 582 

as follow 583 
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In which, 
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. 586 

Only when the robot’s CoM is higher than the upper surface of the obstacle and 587 

within the edge of the obstacle simultaneously, the robot satisfies the geometric 588 

condition of obstacle crossing. Substitute Eq. (39) into Eq. (36), the geometric condition 589 

of the robot’s obstacle crossing can be expressed as two functions about α: 590 
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where, 
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 595 
4.3. Obstacle crossing numerical simulation 596 
 597 
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In the previous sections, with respect to the pitch angle α, the geometric and static 598 

stability condition for obstacle crossing of the proposed mobile robot are derived and 599 

formulated in functions as S(α) > 0, G1(α) > 0, and G2(α) > 0. As long as these inequalities 600 

are satisfied simultaneously, the robot’s obstacle crossing capability can be secured. In 601 

this section, set the robot’s geometric and mass parameters are the same as that 602 

mentioned in Section 3.3, and simulation is conducted to find the feasible region of δ 603 

where the robot can cross the obstacle. 604 

According to Eq. (35), when S(α) = 0, δ is the maximum variant angle δmax0 of the 605 

robot satisfying the static stability condition at the current pitch angle α. Solving the 606 

implicit function of equation S(α) = 0 by using MATLAB®, the curve of δmax0 as a function 607 

of α can be obtained and illustrated in Fig. 16. The shadowed part in the figure is the 608 

feasible region of δ where the robot can satisfy the static stability condition. 609 

According to Eq. (40) and Eq. (41), when G1(α) = 0 and G2(α) = 0, δ is the minimum 610 

variant angle δmin0 of the robot satisfying the geometric condition at the current pitch 611 

angle α. Solving the implicit function of equation G1(α) = 0 and G2(α) = 0 by using 612 

MATLAB®, the curves of δmin0 as a function of α is obtained and shown in Fig. 17. The 613 

shadowed part in the figure is the feasible region of δ where the robot can satisfy the 614 

geometric condition. 615 

From Fig. 16 and Fig. 17, it can be found that in the process of obstacle crossing, 616 

the feasible range of the robot’s variant angle δ changes with the variation of the robot’s 617 

pitch angle α. If the robot can dynamically adjust the variant angle δ according to the 618 

value of α, it’s obstacle crossing capability will be guaranteed. Hence, a self-adaptive 619 
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obstacle crossing algorithm is proposed in the next section, which enables the robot to 620 

dynamically control its geometric posture and keep itself satisfying the obstacle crossing 621 

conditions. 622 

 623 
5. PHYSICAL PROTOTYPE, CONTROL ALGORITHM AND OBSTACLE-CROSSING 624 
EXPERIMENTS 625 

 626 

Based on the mechanical design, analysis and numerical simulation of the 627 

proposed robot’s reconfiguration and obstacle crossing are presented in the previous 628 

sections. In this section, a physical prototype of the proposed robot is developed. A self-629 

adaptive obstacle crossing algorithm is proposed, and experiments are conducted to 630 

verify the effectiveness of the control algorithm. 631 

 632 
5.1. Prototype development 633 
 634 

Based on the mechanical structure presented above, adopting the structure 635 

parameters in Table 2, with some essential adjustments required from mechanical 636 

component design, a physical prototype of the proposed robot was developed as shown 637 

in Fig. 18. The robot’s overall dimensions are 780 mm (length) × 454 mm (width) × 190 638 

mm (height) and overall mass is 9.9 kg, including a 24 V lithium battery to power the 639 

whole robot. 640 

The robot’s control strategy is shown in Fig. 19. The operator firstly sends motion 641 

commands to the robot, which are decoded by the signal receiver and then transmitted 642 

to the robot’s posture control centre. Then the control centre sends the PWM signals to 643 

the robot’s motors through the driving components. In the meantime, each DC motor 644 
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feeds back its actual speed to the control center to realize the PID closed-loop control of 645 

the robot’s motion. 646 

The robot’s maximum speed can reach 0.5m/s, when it moves on the flat ground. 647 

When the robot moves on the uneven ground such as sand (Fig. 20(a)) and grass (Fig. 648 

20(b)), it usually increases its variant angle to raise its center of gravity. And its unique 649 

three-rocker-leg passive suspension also enables the robot to keep six wheels in contact 650 

with the ground, which maintains the smoothness of the robot’s movement. The robot 651 

turns through the differential speed movement of the wheels on both sides. The robot 652 

usually shortens its wheelbase by raising the posture to facilitate better steering (Fig. 653 

20(c)). 654 

 655 
5.2. Reconfiguration capability verification 656 
 657 

In Section 3.3, through the numerical simulation we have got the maximum value 658 

of the proportional coefficient k. According to the simulation results in Fig. 11, if the 659 

speeds of front and rear wheels satisfy (nw – no)/nm > 0.032, the screw motor will not be 660 

out of step and the Sarrus-variant mechanism can stretch and contract smoothly. To 661 

simplify the control algorithm, the front walking wheels and the obstacle crossing wheels 662 

are set to move in the opposite direction at the same speed, i.e., nw = – no. And keep (nw 663 

– no)/nm > 0.032, the reconfiguration experiment is carried out as shown in Fig. 21. The 664 

robot can switch its geometric posture between the flat configuration and the V-shape 665 

configuration, and the stepping motor does not lose step. 666 

 667 
5.3. Self-adaptive obstacle crossing algorithm and experiments 668 
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 669 

As mentioned at the end of Section 4.3, to make the robot’s configuration satisfy 670 

both the geometric and stability conditions in the process of obstacle crossing, we have 671 

developed a self-adaptive obstacle crossing algorithm. The algorithm enables the robot 672 

to detect its own posture during the movement and make adjustments in time to ensure 673 

its obstacle crossing capability. 674 

As shown in Fig. 22, the robot mainly carries out real-time detection on its front 675 

body pitch angle δf and rear body pitch angle δr to judge its own geometric posture, which 676 

are measured by two nine-axis sensors JY901 (WitMotion®, China). According to the 677 

geometric relationship between the robot and obstacle, it can be obtained that 678 

 f

r

  
  

 
  

 (42) 679 

According to Fig. 16 and Fig. 17, the robot must satisfy the following inequation 680 

for obstacle crossing: 681 

 min 0 max 0     (43) 682 

Substitute Eq. (42) into Eq. (43), the obstacle crossing conditions can be 683 

summarized as the following inequations: 684 

 
min 0

min 0

f

r

  

  

 


 
 (44) 685 

From Fig. 16 and Fig. 17, it can be obtained that the maximum value of {δmin0 – α} 686 

is about 8° and that of {δmax0 + α} is about 60°. If the robot can always keep δf > 8° and δr 687 

< 60°, the robot can satisfy the stability and geometric conditions simultaneously. The 688 
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algorithm is set up as: the two nine-axis sensors detect the values of δf and δr in real time, 689 

and the robot makes timely adjustments to the variant angle δ, according to its geometric 690 

posture. Considering the measurement error of the sensor, we set δfmin = 10° as the safety 691 

threshold for the robot to satisfy the geometric condition and δrmax = 70° as the safety 692 

threshold for the robot to satisfy the stability condition. Consequently, once δf is less than 693 

10°, the robot will increase the variant angle δ. And once δr is more than 70°, the robot 694 

will decrease the variant angle δ. The flow of robot’s self-adaptive obstacle crossing 695 

algorithm is indicated in the diagram in Fig. 23 and is implanted in the proposed physical 696 

prototype. 697 

Based on the prototype, a series of field tests were carried out to check and verify 698 

the performance of the robot’s self-adaptive obstacle crossing algorithm. The 699 

experiments on the robot crossing 200 mm high vertical obstacles were carried out. 700 

Firstly, the robot climbed over the obstacle without enabling the self-adaptive obstacle 701 

crossing algorithm. As show in Fig. 24, when the robot was climbing the obstacle in the 702 

flat configuration, i.e., δf = 0, its body’s chassis would contact the edge of the obstacle 703 

and prevent it from crossing the obstacle. The obstacle-climbing wheeled-legs keep 704 

flipping, but could not make the obstacle-crossing wheels touch the top surface of the 705 

obstacle and pull the robot. So, when the robot does not satisfy the geometric condition, 706 

the robot cannot climb over the obstacle. 707 

As shown in Fig. 25, when the pitch angle δr of the robot’s rear body exceeded the 708 

safety threshold, the robot would lose stability and turnover during the process of 709 

obstacle crossing without enabling the self-adaptive obstacle crossing algorithm. So, 710 
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when the robot does not satisfy the static stability condition, the robot cannot climb over 711 

the obstacle. 712 

Then the self-adaptive obstacle crossing algorithm of the robot was enabled. To 713 

verify that the algorithm can keep the robot satisfying the geometric condition, the 714 

variant angle δ was set at about 20° before obstacle crossing, and then the robot’s self-715 

adaptive obstacle crossing algorithm was enabled. As shown in Fig. 26(a), the robot would 716 

continuously increase its variant angle δ during the obstacle crossing process to prevent 717 

the chassis of the car body from contacting the edge of the obstacle. Fig. 26(b) shows the 718 

curves of δf and δr as functions of time. It can be seen that during the obstacle crossing 719 

process, once the front body’s pitch angle δf was less than 10°, the robot would increase 720 

the variant angle until δf was within the safety threshold. 721 

Similarly, to verify that the algorithm can keep the robot satisfying the stability 722 

condition, the variant angle δ was set about 45° before obstacle crossing, and then the 723 

robot’s self-adaptive obstacle crossing algorithm was started. As shown in Fig. 27(a), in 724 

the process of obstacle crossing, when the pitch angle δr of the rear body exceeded the 725 

safety threshold, the robot would actively decrease its variant angle δ to avoid 726 

overturning. Fig. 27(b) shows the curves of δf and δr as functions of time. It can be found 727 

that once the rear body’s pitch angle δr was more than 70° the robot would decrease the 728 

variant angle until δr was within the safety threshold, which proved that the self-adaptive 729 

obstacle crossing algorithm can make the robot maintain the stability. 730 

Besides, the experiments of climbing stairs (Fig. 28) and crossing side obstacles 731 

(Fig. 29) were carried out. During climbing stairs, the robot continuously rotated the 732 
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wheel-legs to support itself and the front walking wheels always kept contact with the 733 

stair surface to pull the robot forward. During crossing the side obstacle, it can be seen 734 

that, relying on its three-rocker-leg passive suspension, when one side of the robot passes 735 

over obstacles, the wheels on the other side can also maintain contact with the ground, 736 

ensuring the stability of the robot. 737 

The experiments accomplished here not only verify the obstacle crossing 738 

performance of the proposed robot but also show the fact that the self-adaptive obstacle 739 

crossing algorithm improve the robot’s obstacle crossing capability. Through detecting 740 

and adjusting its own posture, the robot can maintain the geometric passing capability 741 

and static stability during the obstacle crossing process. 742 

 743 
6. CONCLUSIONS 744 

 745 

This paper proposed and discussed a novel six-wheeled robot, i.e., AntiBot, with a 746 

reconfigurable body and self-adaptive obstacle-crossing mechanisms. By turning the 747 

adaptive obstacle-climbing wheeled-legs, the robot can climb over obstacles of different 748 

heights. Through stretching or contracting the Sarrus-variant mechanism, the robot can 749 

transform itself to different configurations to improve its obstacle crossing capability. 750 

The mechanical design of the proposed robot was presented. Based on the 751 

mechanical design, the mathematical models of the robot’s reconfiguration and obstacle 752 

crossing were established. Numerical simulations were conducted to find the feasible 753 

ranges of each motor’s output torque and speed. Subsequently, geometric and static 754 

stability conditions of the robot’s obstacle crossing were derived, and simulations were 755 
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carried out to characterize the feasible region of the robot’s variant angle for obstacle 756 

crossing. 757 

Further, a physical prototype of the proposed mobile robot was developed, and 758 

based on the previous simulations, a self-adaptive obstacle crossing algorithm was 759 

proposed, which makes the robot being able to maintain the geometric passing capability 760 

and motion stability during the obstacle crossing process, through detecting and adjusting 761 

its geometric posture. Experiments were subsequently carried out to prove the obstacle 762 

crossing performance of the robot and the effectiveness of the self-adaptive obstacle 763 

crossing algorithm. 764 

Further research will be focused on the development of an automatic navigation 765 

system and a robust mechanical structure to improve the reliability of the robot in rugged 766 

environments. 767 

 768 

 769 

 770 

 771 

  772 

  773 
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NOMENCLATURE 774 
 775 

I all variables should appear in italics 

tl two-letter abbreviations should appear in italics 

tla three-letter abbreviations should not appear in italics 

Re Reynolds number and similar abbreviations do not use italics 

T use the “Tab” key to add more rows to this table 

O0{X0, Y0, Z0} fixed coordinate frame 

O1{X1, Y1, Z1} robot coordinate frame located at the intersection of the centerline of the 

robot’s rear body and the rotation axe of the wheeled-legs on both sides 

r radii of the front walking wheels and the obstacle-crossing wheels 

lb' length of the front and rear body 

ld length of the wheelbase 

le length of the wheeled-leg 

l1 length of the upper connecting link of the Sarrus-variant mechanism 

l2 length of the lower connecting link of the Sarrus-variant mechanism 

l3 width of the bottom plate of the Sarrus-variant mechanism 

δ rotation angle of the rear body with respect to the coordinate frame O1{X1, 

Y1, Z1} in the X1 - Y1 plane (variant angle of the robot) 

δ' angle of the upper connecting link relative to the vertical direction 
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ls distance between the top and bottom plates of the Sarrus-variant 

mechanism 

dld/dt difference (vw - vo) between the speed vw of the robot’s front walking 

wheel and the speed vo of the obstacle-crossing wheel 

dls/dt feed speed vm of the screw rod 

nm rotation speed of the stepping motor 

nw rotation speed of the front walking wheel 

no rotation speed of the obstacle crossing wheel 

p lead of the stepping motor screw 

k proportional relation between nw - no and nm 

N1 supporting forces of the ground on the robot’s front walking wheels 

N2 supporting forces of the ground on the robot’s front obstacle-crossing 

wheels 

N3 supporting forces of the ground on the robot’s rear obstacle-crossing 

wheels 

f1 friction forces of the ground against the front walking wheels 

f2 friction forces of the ground against the front obstacle-crossing wheels 

f3 friction forces of the ground against the rear obstacle-crossing wheels 

T1 output torque of the front motors 

T2 output torque of the rear motors 



Insert ASME Journal Title in the Header Here 
 

40 
 

F1 acting force of the Sarrus-variant mechanism’s upper connecting link on 

the robot’s front body 

F1x acting forces of the bottom plate on the robot’s front body in the 

horizontal direction 

F1y acting forces of the bottom plate on the robot’s front body in the vertical 

direction 

F2 acting force of the Sarrus-variant mechanism’s upper connecting link on 

the robot’s rear body 

F2x acting forces of the bottom plate on the robot’s rear body in the horizontal 

direction 

F2y acting forces of the bottom plate on the robot’s rear body in the vertical 

directions 

mfb mass of the front body 

mrb mass of the rear body 

mw mass of the front walking wheel 

ma mass of the wheeled-leg (including the mass of two obstacle-crossing 

wheels) 

m mass of the whole robot and m = mfb + mrb + 2mw + 2ma 

i37 transmission ratio from the sun gear to the obstacle-crossing wheel 

i13 transmission ratio from the motor gear to the sun gear 
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T1 output torque of the front motors 

T2 output torque of the rear motors 

F1' reaction force of the robot’s front body to the upper connecting link 

F1x' horizontal reaction force of the front body to the bottom plate 

F1y' vertical reaction force of the front body to the bottom plate 

F2' reaction force of the robot’s rear body to the upper connecting link 

F2x' horizontal reaction force of the rear body to the bottom plate 

F2y' vertical reaction force of the rear body to the bottom plate 

Ns pulling force of the screw to the bottom plate 

Ns1 pulling force of the screw rod on the top and bottom plates when the 

robot transforms itself to the flat configuration 

Ns0 pulling force of the screw rod when the robot is in the natural state 

Ns2 pulling force Ns2 of the screw rod on the top and bottom plates when the 

robot transforms itself to the V-shaped configuration 

η the transmission efficiency of the screw rod 

Tm0 holding torque of the stepping motor, when the robot is in its natural state 

Tm1 output torque of the stepping motor, when the robot transforms itself into 

the flat configuration 

Tm2 the output torque Tm2 of the stepping motor, when the robot transforms 

itself into the V-shaped configuration 
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lb length of the front and rear body including the Sarrus-variant mechanism’s 

size 

d thickness of the robot’s body 

P1 centre of mass (CoM) of the robot 

C1 contact point between the front walking wheels and the top surface of the 

obstacle 

C2 contact point between the front obstacle-crossing wheels and the ground 

α pitch angle of the robot 

β steer angle of the robot 

γ roll angle of the robot 

(a, b, c) coordinates of the origin O1 expressed in the fixed coordinate frame 

h obstacle height 

S(α) static stability condition of the robot’s obstacle crossing 

dc distance from the contact point between the rear body and the edge of 

the obstacle to the origin O1 

G1(α), G2(α) the geometric condition of the robot’s obstacle crossing 

δmax0 maximum variant angle of the robot satisfying the static stability condition 

at the current pitch angle α 

δmin0 minimum variant angle of the robot satisfying the geometric condition at 

the current pitch angle α 
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δf robot’s front body pitch angle 

δr robot’s rear body pitch angle 

  

 776 
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Figure Captions List 940 
 941 

Fig. 1 The design, configurations and control of the AntiBot. a) The two-section 

body of the ant; b) the appearance of the robot; c) the robot is carried by 

the user on the back; d) the robot climbs obstacles higher than itself; e) 

the handheld ground workstation 

Fig. 2 Mechanical structure of the Sarrus reconfiguration body. a) The 

composition of the Sarrus reconfiguration body; b) The Sarrus-variant 

mechanism is in the extended state; c) the structure of the Sarrus-variant 

mechanism; d) the Sarrus-variant mechanism is in the contraction state; 

e) the flat configuration; f) the V-shaped configuration; g) the folded 

configuration 

Fig. 3 The mechanical adaptable three-rocker-leg suspension. (a) The 

composition of the three-rocker-leg suspension; (b) terrain adaptability of 

the robot. 

Fig. 4 The structure and transmission of the wheeled-leg and the obstacle-

crossing process of the robot. a) The mechanical structure of the wheeled-

leg; b) the gear transmission diagram in the wheeled-leg; c) the obstacle 

crossing process of the robot 

Fig. 5 The reconfiguration process of the robot 

Fig. 6 Main geometrical parameters of the robot 
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Fig. 7 The static condition of the robot when it is transforming itself into the flat 

configuration 

Fig. 8 The static condition of the Sarrus-variant mechanism 

Fig. 9 The static condition of the robot in its natural state 

Fig. 10 The static condition of the robot when it is transforming itself into the V-

shaped configuration 

Fig. 11 The value of k as a function of δ 

Fig. 12 The value of Tm2 as a function of δ (T1 = 0, 100, 300, 500 and 1000 mN·m) 

Fig. 13 The value of Ns1 as a function of δ (T1 = 0, 100, 300, 500 and 1000 mN·m) 

Fig. 14 The geometry of the robot when its front obstacle crossing wheels are in 

contact with the obstacle 

Fig. 15 The robot’s obstacle-climbing wheeled-legs are perpendicular to the 

ground 

Fig. 16 The value of δmax0 as a function α (S(α) = 0) 

Fig. 17 The value of δmin0 as a function of α (G1(α) = 0 and G2(α) = 0) 

Fig. 18 The physical prototype of the proposed robot 

Fig. 19 The control strategy of the proposed robot 

Fig. 20 The reconfiguration of the proposed robot 

Fig. 21 The reconfiguration of the proposed robot 

Fig. 22 The robot’s front body pitch angle δf and rear body pitch angle δr 
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Fig. 23 The diagram of the robot’s self-adaptive obstacle crossing algorithm 

Fig. 24 The robot was stuck at the edge of the obstacle 

Fig. 25 The robot lost stability in the process of obstacle crossing 

Fig. 26 Experimental verification of the self-adaptive obstacle crossing algorithm 

on geometric condition. a) Robot’s obstacle crossing process (δ = 20°); b) 

The values of δf and δr as functions of time (δ = 20°) 

Fig. 27 Experimental verification of the self-adaptive obstacle crossing algorithm 

on static stability condition. a) Robot’s obstacle crossing process (δ = 45°); 

b) The values of δf and δr as functions of time (δ = 45°) 

Fig. 28 Experiment of climbing stairs 

Fig. 29 Experiment of crossing side obstacles 
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Table Caption List 944 
 945 

Table 1 Comparison of some existing mobile robots with the AntiBot 

Table 2 Structure parameters of the proposed mobile robot 
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Fig. 4 958 
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Fig .5 960 

 961 
  962 



Insert ASME Journal Title in the Header Here 
 

57 
 

Fig .6 963 
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Fig .8 970 
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Fig .9 973 
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Fig .10 976 

 977 
  978 



Insert ASME Journal Title in the Header Here 
 

62 
 

Fig .11 979 
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Fig. 12 982 
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Fig. 13 985 
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Fig. 16 995 
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Fig. 26 1030 
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Fig. 27 1034 
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Fig. 28 1038 
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Fig. 29 1042 
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Table 1 1047 

Name AntiBot Epi.q-TG [32]  STEP [25, 33] 
Quattroped [34, 
35] 

RHyMo [36-38] 

Size: Length 
Width 
Height 

780 
454 
190 

450 
280 
200 

- 
- 
- 

600 
410 
195(wheeled) 

1000 
700 
450 

Weight 9.9 kg 4 kg - 12.2 kg 53 kg 

Radius of wheel 77.5 mm 30 mm 125 mm 107.5 mm 93 mm 

Number of wheels 6 12 2 4 4 

Obstacle crossing 
height 

At least 200 mm 
vertical-high 
obstacle 

About 130 mm 
step in friction 
conditions (fs > 
1.1) 

At least 180 mm 
square stair 

245 mm square 
step 

200 mm 

Transformation ratio 2.58 4.33 1.44 2.28 2.15 

Obstacle crossing 
mechanism 

Rotating 
wheeled-leg 

Rotating wheeled-
leg 

Reconfigurable 
wheel 

Reconfigurable 
leg-wheel 

Rocker-Bogie 
platform with 
the inverse four-
bar linkage 
mechanism 

Obstacle crossing 
method 

Autonomous 
adaptive 
obstacle 
crossing 

Mechanical 
obstacle crossing 

Controlled by 
operators 

Autonomous 
obstacle 
crossing 

Mechanical 
passive 
adaptive 
obstacle 
crossing 
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Table 2 1050 
Parameter Value Parameter Value 

mfb 3.6 kg lb 240 mm 

mrb 2 kg le 210 mm 

mw 0.55 kg r 77.5 mm 

ma 1.6 kg d 56 mm 

l1 80 mm lb' 220 mm 

l2 56 mm l3 51 mm 
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