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Abstract

:

We propose a mechanical design for a simple teleoperated unmanned ground vehicle (UGV) to negotiate uneven terrain. UGVs are typically classified into legged, legged-wheeled, wheeled, and tanked forms. Legged vehicles can significantly shift their center of gravity (COG) by positioning their multi-articulated legs at appropriate trajectories, stepping over a high obstacle. To realize a COG movable mechanism with a small number of joints, a number of UGVs have been developed that can shift their COG by moving a mass at a high position above the body. However, these tend to pose a risk of overturning, and the mass must be moved quite far to climb a high step. To address these issues, we design a novel COG shift mechanism, in which the COG can be shifted forward and backward inside the body by moving most of its internal devices. Since this movable mass includes DC motors for driving both tracks, we can extend the range of the COG movement. We demonstrate that a conventional tracked vehicle prototype can traverse a step and a gap between two steps, as well as climb stairs and a steep slope, with a human operating the vehicle movement and the movable mass position.
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1. Introduction


The main challenge for an unmanned ground vehicle (UGV) over uneven and unstructured terrains is the existence of obstacles that might hinder the mobility of the vehicle and prevent it from carrying out the given task. The locomotion types of UGVs aiming to move over obstacles are mainly classified into legged, legged-wheeled, wheeled, and tanked. Generally, the former vehicles can move over higher obstacles, but have more degrees of freedom.



A large number of legged vehicles have been developed that can move over obstacles. A biped robot called “Atlas” [1] has the ability to walk over high obstacles, but almost all legged vehicles that aim to walk over obstacles are multi-legged robots [2,3,4,5,6,7]. There are many robots that can jump over high obstacles by exploiting the contraction and extension of their legs [8,9]. However, since typical legged vehicles have many joints, the control is complicated and the energetic cost of transport (COT) [10] is much higher than wheeled vehicles on a flat terrain.



Many legged-wheeled vehicles have been developed that are compatible with the high adaptability of legged vehicles in crossing obstacles with a high energy-efficiency of wheeled vehicles. Most of them have several legged wheels, each of which consists of a single turning leg [11,12] or a rimless wheel [13] with multiple spokes (legs) [8,14,15]. An additional small wheel is attached to the tip of each spoke for several rimless wheeled vehicles [16,17]. Their advantage is their control simplicity because they have fewer joints compared with typical legged vehicles. However, the clearance of a foot is small, limiting the step height to move over. On the other hand, there are typical multi-articulated legged vehicles whose legs have a small wheel on the toes [18,19,20]. These are energy-efficient because they can move over gentle terrain using the wheels. In addition, when the tip wheels are locked, they have high adaptability in walking over obstacles, similar to normal legged vehicles. To achieve this, however, they require a complicated theory to control the multiple joints. Planetary rovers, whose suspension consists of multiple links like a leg [21,22], have similar features.



For conventional wheeled and tracked vehicles, the control theory to move over an obstacle is simple because they have a few degrees of freedom. However, the height of an obstacle they can travel over is fairly limited. To address this issue, many planetary wheeled rovers apply an adaptive suspension arrangement called the rocker-bogie suspension [23,24]. Some tracked vehicles have sub-tracks, mimicking legs, to climb on a relatively high obstacle [25,26,27,28,29]. However, a small number of joints does not enable the vehicles to shift their center of gravity (COG) as significantly as legged vehicles, and therefore, the height of an obstacle they can travel over is limited.



Control of the COG of a UGV is particularly important to ensure safe and effective movement over step-like obstacles. This is because the COG position affects the likelihood of the UGV falling over, the traction force required to propel the body, and the natural dynamics required to land on the step. Therefore, simple wheeled and tracked vehicles have been developed that can travel over a high step by explicitly shifting a heavy mass with one or two degrees of freedom to change their COG position. Sim et al. proposed a body rotation mechanism that moves the COG of a wheeled robot by tilting and leaning the body along a fixed axis while the robot is climbing steps and steep slopes [30]. Similarly, Falcone et al. presented a rover that can traverse steps by shifting its COG by moving a mass like an inverted pendulum [31]. Nishio et al. [32] proposed a hinge-type movable COG mechanism for a planetary rover, which was able to adjust its COG position by simultaneously changing the wheelbase. A common method of controlling the COG position is using translational sliders to move a particular mass, such as those used by Nakamura et al. [33] for moving over a step and by Yokoyama et al. [34] for climbing a steep slope. A robotic wheelchair was developed by Onozuka et al. that incorporated sliders to shift the seat (weight) and demonstrated the ability to climb up and down steps while maintaining two-point contacts on the steps [35].



However, these UGVs that directly shift their COGs [30,31,32,33,34,35] tend to shift the mass at a high position. Figure 1 shows a diagram of the movement of a UGV on a step, wherein the COG is longitudinally shifted at low (B–B′) and high (A–A′) positions. At the higher position, the COG easily shifts to behind the rear contact point O on the ground, which causes the UGV to tilt backward, posing a risk of turning over. In addition, the UGV has to shift the COG forward beyond P on A–A′ and beyond Q between B and B′ in order to lift the rear end and complete landing on the step by leaning forward from the posture shown in Figure 1. Therefore, the step height that a UGV with the higher COG position can traverse is limited for the range of COG movement. Another disadvantage of a UGV with an external movable mass above it is that the height of the path it can enter is limited.



We propose a novel mechanical design in which most of the internal devices can be longitudinally moved, enabling the COG to be significantly shifted at a low level. The movable mass incorporates DC motors for driving both tracks in addition to a DC motor for driving the mass itself and electric devices, such as motor drivers, an on-board computer, and batteries, thus raising the weight ratio of the movable mass to the other parts. This allows a relatively long range of COG movement at a low level, enabling the vehicle to climb a high step without any particular external movable mechanism. Another advantage is that a vehicle without external parts, as shown in Figure 1, can progress even in the worst-case scenario of the UGV turning upside down.



Based on the proposed design concept, we developed a simple tracked UGV prototype called “Dyjob”, consisting of two conventional tracks, and we demonstrated the effectiveness of the proposed mechanism. Dyjob can traverse a step with the same height as Dyjob’s and a gap between steps, and climb stairs with an operator controlling its COG position.



This paper is organized as follows. Section 2 introduces our prototype tracked vehicle Dyjob. We analyze the strategy and conditions to climb on a step by moving the COG position in Section 3. Section 4 shows experimental results of negotiating uneven terrains (a step, a gap, stairs, and a slope). Section 5 ends the study with our conclusions.




2. Tracked Vehicle “Dyjob” with Internally Movable COG


2.1. Prototype Tracked Vehicle “Dyjob”


Figure 2 shows our prototype vehicle “Dyjob”. The COG position of Dyjob can be longitudinally and internally moved by sliding a movable mass forward and backward. Table 1 shows Dyjob’s physical features and devices. The movable mass sticks out a little from the vehicle because Dyjob is only a prototype. However, the small upper part hardly affects Dyjob’s performance and can in the future be contained in the main body by using a small on-board computer and compact motor drivers. The movable mass contains heavy-geared motors as well as electric devices and batteries. The high weight ratio of the movable mass to the whole body enables the COG to be shifted within a relatively long distance. Dyjob uses 60 W DC motors with reduction ratios of 36:1 and 25:1 to drive a rubber track on each side and the movable mass, respectively. Each motor is equipped with an encoder to detect the rotation angle. Dyjob’s operator uses a handheld device (Figure 3) to move Dyjob forward and backward, to change its direction by driving the tracks oppositely, and to move the movable mass forward and backward.




2.2. Mechanism to Drive the Movable Mass and Each Rubber Track


As shown in Figure 2, a pinion that protrudes on each side of the movable mass rolls over a rack, fixed on each side of the main body, allowing the movable mass to move forward and backward. The pinion is driven by a single motor equipped in the movable mass.



We propose a novel mechanism to transmit the driving force for each rubber track while its driving motor moves forward and backward in the movable mass. The CAD of Dyjob presented in Figure 4a,b shows, respectively, the top view and the right-hand side view at the dashed cross section in Figure 4a (the rubber tracks are omitted from the CAD). The driver pulley is turned by the DC motor for driving each track via the gear reduction mechanism, and the fore and rear driven pulleys are turned using the timing belt. Tension is applied by the two idler pulleys to prevent the belt from slipping off. The fore and rear final track pulleys are turned with the driven pulleys.



This proposed mechanism allows Dyjob to independently move the movable mass and the rubber tracks.





3. Analysis of Movement over a Step


3.1. Strategy


The following three steps are necessary for a simple tracked vehicle to traverse a step:




	Step (1)

	
The front end of the vehicle climbs onto the step.




	Step (2)

	
The rear end of the vehicle climbs onto the step.




	Step (3)

	
The vehicle lands on the ground without turning over forward.









We first analyze the condition for Step 1. For simplicity, Figure 5 shows a force diagram for the condition when the vehicle is stationary at the time the front end starts to move up along the step wall. A and B represent the contact points between the track and the ground and the step wall, respectively.    N A    and    N B    are normal forces applied to A and B;    f A    and    f B    are the static friction applied to A and B; and  x  and  l  are the distances between B and the COG and between A and B, respectively.



Since the horizontal and vertical forces are balanced in Figure 5,    f A  =  N B    and    N A  +  f B  = m g   (where  g  is the acceleration of gravity). Considering moment equilibrium about B,    N A  l − m g x = 0   holds, assuming that the vehicle is low enough. Therefore, we have the following:


   N A  =   m g x  l   



(1)




and:


   f B  = m g   1 −  x l    .      



(2)







The conditions for the vehicle not to slip at A and B are    f A  <  μ A   N A    and    f B  <  μ B   N B   , respectively, where    μ A    and    μ B    are the coefficients of static friction at A and B. Therefore, the larger value of  x  in Equations (1) and (2) allows the conditions to be easily met. This means the backward-positioned COG can prevent the track from slipping on the ground and wall, thus providing large propulsion needed to achieve Step 1.



Since    μ A    and    μ B    depend on the surfaces of the terrain and step wall, respectively, the conditions    f A  <  μ A   N A    and    f B  <  μ B   N B    are variable according to the environment. Some works estimate contact models between the vehicle and the ground for autonomous off-road UGVs [36,37,38]. For our teleoperated vehicle, the operator judges whether the vehicle is slipping through the onboard camera and manually controls the acceleration and the movable mass position to achieve Step 1.



We will analyze Step 2 in Section 3.2.



Regarding Step 3, the forward-positioned COG causes the front end to land on the ground at a steep angle, as shown in Figure 6a. In addition, since the COG is close to the contact point P, the vehicle easily turns over. The backward-positioned COG can avoid the risk of turning over, as shown in Figure 6b.




3.2. Geometric Analysis of Effect of Adjustment of COG Position on Rear End of the Vehicle Climbing a Step


Here, we analyze the geometric boundary condition needed to achieve Step 2 after finishing Step 1, as shown in Figure 7. Here, the Points O, P, and Q are the center of the vehicle and the centers of the front and rear track pulleys, respectively;  R  and  h  represent the radius of the track pulley and the height of the lug, respectively; and  x  and  y  represent, respectively, the forward and upward distances between O and COG. The time when the COG is located directly above the edge of the step, as shown in Figure 6, is the boundary condition required for the vehicle to achieve Step 2.



The height of a step that the vehicle can climb is given by:


  H = A − B ,    



(3)




where  A  and  B  are the heights of the COG from the ground and the step tread, respectively. From Figure 7, we see that:


  A = R + h + S sin   θ + ϕ   ,    



(4)




where:


   S =       x + L / 2    2  +  y 2      ,   ϕ =   tan   − 1    y  x + L / 2     ,   








and:


  B =   R + y   cos θ   .      



(5)







Equation (3) is rewritten by substituting Equations (4) and (5) as:


  H = R + h +       x + L / 2    2  +  y 2    sin   θ +   tan   − 1     2 y   2 x + L     −   R + y   cos θ   .  



(6)







Figure 8 shows the relation between the vehicle tilt ( θ ) and step height ( H ) based on Equation (6) for Dyjob (  R = 0.077   m ,   h = 0.013   m ,   L = 0.42   m ,   y = 0.006   m  ) with several COG positions determined by the different values of  x  and  y . The red dashed and solid lines show the cases in which the movable mass is fixed (i) in the center O (  x = 0  ) and (ii) in the forwardmost position, i.e.,   x = 0.0585   m   (142 mm forward from O), respectively. In cases (i) and (ii), Dyjob is assumed to be able to climb steps of 0.126 m high when  θ  = 0.84 rad and 0.171 m high when  θ  = 0.89 rad, respectively. Therefore, Dyjob should place the movable mass as far forward as possible (i.e.,   x = 0.0585   m  ) in Step 2.



The blue and green lines in Figure 8 show the results for cases with the same conditions as in (i) and (ii) but with a higher COG (  y = 0.05    m   and    0.1    m   , respectively). Since the higher COG tends to cause the vehicle to easily flip over backward when it is tilted, as shown in Figure 1, the step heights that Dyjob can climb in Step 2 are limited in the cases with larger  y , as shown in Figure 8. This means that the proposed COG-movable mechanism in the lower position enables the vehicle to traverse a high step even though the COG shifts a relatively short distance.





4. Experimental Results


We conducted experiments with Dyjob moving over a step, climbing stairs, moving over a gap, and moving up a steep slope. The shapes of these obstacles were laterally invariable, similar to the closely related works [30,31,32,33,34,35], to simply confirm the effectiveness of our proposed mechanism in this paper. Although Dyjob was powered by an external power supply, a suitable number of unused batteries were installed.



4.1. Experiments with “Dyjob” Moving over a Step


The analysis in Section 3 indicated that Dyjob should shift the movable mass to the furthest possible point backward in Step 1 and Step 3 and the furthest point forward in Step 2. We first conducted experiments with Dyjob moving over a step. Dyjob could successfully traverse a step of 180 mm high, which is the same height as Dyjob itself, and 400 mm deep. A movie of this experiment is presented in the Supplementary Video S1. Figure 9 shows some snapshots of the movie. The magenta and light green lines in Figure 10 show Dyjob’s tilt and the movable mass position in the experiment. The tilt  θ , the same as in Figure 7, is positive when the vehicle tilts backward. The movable mass position is zero when it is placed at the center of Dyjob and positive when it moves forward. Each circled number in Figure 10 shows the time of the corresponding snapshot in Figure 9.



In Step 1, the tracks slipped on the ground and the step wall with the movable mass kept in the center, thus preventing Dyjob from lifting its front end onto the step. Moving the movable mass the furthest backward, as shown in No. 1 in Figure 9, allowed the front end of Dyjob to move up onto the step, as shown in No. 2. It is similarly observed in Figure 10 that because the movable mass was placed the furthest backward between No. 1 and 2, Dyjob was able to tilt up to approximately 0.6 rad.



For Step 2, the operator moved the movable mass the furthest forward while Dyjob was tilted up, as observed between No. 2 and 3 of Figure 10. Consequently, after Dyjob was tilted up by approximately 0.8 rad, the tilt steeply dropped to zero, as shown in No. 4 of Figure 10, and the vehicle landed on the step (see No. 4 in Figure 9). Without moving the movable mass the furthest forward, Dyjob was not able to achieve Step 2.



For Step 3, the operator moved the movable mass the furthest backward between No. 4 and 5 of Figure 9 and Figure 10 to safely land Dyjob on the ground. Subsequently, Dyjob moved forward, and the front end landed on the ground without the vehicle turning over, as shown in No. 6 of Figure 9. In the case that Dyjob proceeded while keeping the movable mass forward, as shown in No. 4 of Figure 9, Dyjob was vertically tilted down in No. 6 of Figure 9, thereby flipping over. If the rear end falls from the step while the movable mass was kept backward, as shown in No. 6 of Figure 9, the devices in the mass will be damaged. Therefore, the operator moved the mass forward, as shown in No. 7 of Figure 9, and Dyjob safely landed on the ground, as shown in No. 8 of Figure 9.



Dyjob with the adjusted COG position could traverse a step of up to 180 mm high, while without COG adjustment it could traverse a step of up to 120 mm high. The results are similar to our analytical results shown in Figure 8, although the Dyjob experiments were occasionally dynamic.




4.2. Experiments with “Dyjob” Climbing up Stairs


We conducted an experiment with Dyjob climbing four step stairs, as shown in Figure 11, in which each step is 180 mm high and 280 mm deep. The movie is provided in the Supplementary Video S2. The same methods as in Section 4.1 were used for Step 1 (Nos. 2–4 in Figure 11) and Step 2 (Nos. 5 and 6). After Step 2, Dyjob maintained the forward COG position until the end (No. 8). Without adjusting the COG position, Dyjob was not able to achieve even Step 1.




4.3. Experiments with “Dyjob” Moving over a Gap


Adjustment of the COG position is also useful when Dyjob is moving over a gap. Figure 12 shows snapshots of the experiments with Dyjob traversing a 0.32-m-long gap. A movie is provided in the Supplementary Video S3. Because Dyjob progressed while keeping the movable mass the furthest backward, as shown in No. 1 and 2 of Figure 12, the front end safely reached the opposite side without falling into the gap, as shown in No. 3. Subsequently, Dyjob kept the COG position the furthest forward by moving the movable mass the furthest forward, as shown in No. 4. This enabled Dyjob to keep the COG position above the opposite side just after the rear end left the block, as shown in No. 5, eventually traversing the gap, as shown in No. 6. When the movable mass was kept in the center, the front end fell into the gap in No. 2., and when the mass was not moved forward in No. 4, the rear end fell into the gap before reaching the state of No. 5.




4.4. Experiments with “Dyjob” Climbing a Slope


The proposed mechanism of moving a vehicle’s COG at a low level contributes to reducing the risk of turning over on irregularly inclined terrains. While Dyjob was passing over the step (Section 4.1) and stairs (Section 4.2) slightly diagonally in the horizontal plane, there was a small possibility of slipping down but little chance of overturning.



In the case that a vehicle has its COG at a high position (G2 in Figure 13), similar to vehicles that can move their COG [30,31,32,33,34,35], the vehicle turns over around P in Figure 13 at relatively gentle angles of  θ . However, it is expected that Dyjob, which has its COG at the low and most forward position G1 (  x = 0.0585   m ,   y = 0.006   m  ), is stable at steep angles given by:


  θ < 0.99   rad .  



(7)







It is expected that Dyjob does not slip down a slope on which the coefficient of kinetic friction  μ  is 1.12 if


  θ <   tan   − 1   μ =   tan   − 1   1.12 = 0.842   rad .  



(8)







Equations (7) and (8) establish a condition   ( θ < 0.842   rad )   for the vehicle to be able to steadily continue to climb the slope.



In experiments, Dyjob successfully achieved climbing slopes (  μ = 1.12  ) with   θ < 0.80   rad. The movie and snapshot of Dyjob climbing a slope of 0.80 rad are provided in the Supplementary Video S4 and Figure 14. This result demonstrates that our proposed mechanism of moving a vehicle’s COG at a low level is effective in moving on inclined terrains.





5. Discussion on Operation


Operation methods of a UGV are generally categorized into three classes [39], which are autonomous control [40], semi-autonomous control [41], and teleoperation [28]. For Dyjob, a human teleoperates not only the movement of the tracks for progression and steering, but also the movable mass. This is because the strategy to control the movable mass is not as simple as just keeping the COG in a capture region [42] to ensure its stability. For example, to achieve Step 1 of Section 3.1 for climbing a step (Section 4.1) and stairs (Section 4.2), the vehicle has to lift the front end by moving the movable mass backward while progressing. To achieve Step 2, the vehicle has to move the moveable mass forward to allow the front body to fall forward onto the step. To move over a gap (Section 4.3), the vehicle simply shifts the movable mass to ensure its stability. However, before doing this, the vehicle has to precisely recognize the hole position. Irregular and complicated decision making is needed depending on the type of terrain, causing difficulty in autonomous control. Therefore, we conclude that manual operation is more practical at the current stage. Our proposed mechanical design of shifting the mass at a low level allows the risk of overturning caused by operation mistakes to decrease. In addition, our vehicle can progress even in the worst-case scenario of the UGV turning upside down caused by the operator‘s mistakes. We aim to build a simple, reasonable and durable UGV.



Figure 15 shows a specific prospective image of teleoperation of Dyjob. Dyjob’s stability and controllability depend on maneuverability by a remote operator through the handheld device. Therefore, intuitive real-time information should be provided for the operator from a variety of sensors. Dyjob will be equipped with a front camera to recognize the environment, but it is difficult for the operator to recognize the posture from the transmitting images from the camera. The posture recognition is important to achieve Steps 1–3 in Section 3.1. We plan to display a tilted virtual whole-body picture on a monitor that the operator watches, such as is used for a “Quince” robot [28]. The picture will be reproduced based on body tilt information around the pitch and roll axes obtained from inclinometers on the vehicle.




6. Conclusions


Unmanned ground vehicles (UGVs) that aim to travel over obstacles are typically classified into legged, legged-wheeled, wheeled, and tanked forms. It is known that the former types can move over higher obstacles, but have more degrees of freedom. Legged vehicles can significantly shift their centers of gravity (COG) by positioning their multi-articulated legs at appropriate trajectories while stepping over a high obstacle. To realize a COG movable mechanism with a small number of joints on conventional wheeled and tracked vehicles, some vehicles have been developed that can travel over a high step by explicitly shifting a heavy mass with a single or two degrees of freedom to change their COG position. However, these UGVs tend to shift the mass at a high position, causing instability.



To address this issue, we proposed a mechanism for simple tracked vehicles in which the COG can be moved forward and backward at a lower level. Based on this mechanism, we developed a prototype called “Dyjob”, in which the movable mass contained all the heavy geared motors as well as electric devices and batteries. Experimental results confirmed that Dyjob with the significant movement of COG could successfully traverse a step, stairs, and a gap.



Since Dyjob is still a prototype, further improvements are being considered. For example, lightening the parts except for the movable mass will increase the weight ratio of the movable mass to the whole body. In addition, increasing the moving distance of the movable mass will enhance the performance. This proposed mechanism is also available for conventional four-wheel vehicles.
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Figure 1. An unmanned ground vehicle with high (A–A’) and low (B–B’) positions of center of gravity moving on a step. 
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Figure 2. A prototype tracked vehicle “Dyjob”. 
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Figure 3. A handheld device to operate “Dyjob”. 
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Figure 4. CADs of “Dyjob”: (a) the top view and (b) the right-hand side view at the dashed cross section in (a). The rubber tracks are omitted. 
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Figure 5. Force diagram when the vehicle stops at the time the front end starts to move up along the step wall. 
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Figure 6. High (a) and low (b) risks of turning over with the adjustable COG position when the vehicle is landing on the ground. 
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Figure 7. Diagram of the vehicle climbing a step. 
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Figure 8. Assumed step heights that “Dyjob” can climb with the tilt in Step 2, as calculated with Equation (6) by a geometric analysis. 
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Figure 9. Snapshots of “Dyjob” traversing a step. 
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Figure 10. Experimental results for Dyjob traversing a step. Each circled number shows the moment of the corresponding snapshot in Figure 9. 
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Figure 11. Snapshots of “Dyjob” climbing up stairs. 
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Figure 12. Snapshots of “Dyjob” traversing a gap. 
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Figure 13. Diagram of a vehicle climbing a slope. 
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Figure 14. Snapshot of “Dyjob” climbing a 0.80 rad-inclined slope. 
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Figure 15. Prospective image of teleoperation of “Dyjob”. (a) teleoperation and (b) remote field. 
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Table 1. Dyjob’s specification.
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	Physical Feature and Device
	Specification





	Length
	600 mm



	Width
	360 mm



	Height
	180 mm excluding the protruding part of the movable mass



	Whole weight
	8.5 kg



	Weight of the movable mass
	3.5 kg



	Coefficient of friction between the rubber track and an indoor hard ground
	0.82



	Coefficient of friction between the rubber track and a block as an obstacle
	1.13



	Coefficient of friction between the rubber track and a slope
	1.12



	Moving range of the movable mass
	 ± 0.142 m from the center of Dyjob



	Moment of inertia about the axis O in Figure 2 when the movable mass is placed in the center
	0.275 kgm2



	Moment of inertia about the axis O in Figure 2 when the movable mass is placed most forward/backward
	0.345 kgm2



	Actuator for each track
	60 W DC motor (RE30 by Maxon) with reduction ratios of 36:1



	Actuator for the movable mass
	60 W DC motor (RE30 by Maxon) with reduction ratios of 25:1



	Motor driver
	1Axis DC Power Module by Hibot Co.



	Encoder to detect the rotation angle of the track pulley and the movable mass’s position
	MR Type L by Maxon



	Inclinometer to detect the body tilt
	SCA61T-FA1H1G by VTI Technologies Co.



	On-board computer
	HRP-3P-CN and MCN by General Robotics Inc.
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