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 Robots used for transporting people on stairs face several limitations 

regarding tipping and safety hazards. Changes in the robot's center of gravity 

during stair climbing can generate tipping moments, leading to instability, 

tipping, and increased danger to users. This paper presents the modeling and 

analysis results of a tracked robot for transporting people on stairs, equipped 

with an anti-tipping mechanism based on center of gravity balance, 

combined with a vibration-damping mechanism mounted at the rear of the 

robot to enhance stability during stair climbing. Based on Newton-Euler's 

formulas, robot dynamics equations are established to describe the motion 

and analyze the robot's stability characteristics. Simulation and experimental 

results investigating the changes in center of gravity, velocity, tipping 

moment, and balancing moment of the robot during uphill and downhill 

movement were performed using MATLAB Simulink software. Simulation 

results indicate that the robot's center of gravity is adjusted and stabilized 

throughout both uphill and downhill movements. Practical experiments 

conducted on a fabricated robot model, capable of carrying a 100 kg load 

and moving up and down stairs with a 35-degree incline, demonstrated the 

feasibility and effectiveness of the proposed mechanical design. The results 

showed good agreement in kinematic trends between experimental and 

simulated data during the stair climbing, stair-on, and stair-step transition 

phases. This agreement between experimental and simulation results proved 

the correctness of the robot system and the constructed dynamic model. The 

research results provide a basis for developing control algorithms for robots 

that efficiently transport people up and down stairs in buildings. 
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1. INTRODUCTION 

People with lower limb disabilities have difficulty moving up and down high-rise buildings without 

elevators. Robots capable of transporting people are devices that solve the current mobility difficulties for 

people with disabilities. However, limitations in tipping over, oscillating, and the inability to adapt to the 

height of stairs have reduced their reliability for users. Stair-climbing robots have been studied in many 

different forms, such as wheeled moving mechanisms [1], [2], tracked mechanisms [3], [4], claw-like 

mechanisms [5], [6], leg-like mechanisms [7], [8], and hybrid moving mechanisms [9], [10]. Although 

studies have shown the stair-climbing ability of robots, the ability to transport people to different terrains is 

still limited [11], [12]. Tao et al. [13] built a dynamic model for a tracked robot moving on stairs and showed 

the superior stair-climbing ability of this robot. However, the robot does not yet have a balancing and anti-

roll mechanism, so the challenge of tipping over and oscillation during movement remains unresolved. The 
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problem of center of gravity deviation when the robot moves on steep terrain is the cause of the tendency to 

tip over during operation, especially when carrying loads on complex terrain such as stairs. 

Several solutions for adjusting the center of gravity, such as using pneumatic mechanisms [14], 

auxiliary support mechanisms [15], X-shaped lifting mechanisms [16], and pendulum-type balancing 

mechanisms [17]–[19] have been proposed to address the problems of tip over, imbalance, oscillation 

reduction, and stability maintenance. However, these studies still face many challenges regarding robot size, 

stability, and adaptability to different staircases. Gao et al. [20] used classical mathematical methods to 

analyze the operation of a robot with a coiled tail rod mechanism to balance its center of gravity. However, 

the research was not feasible in the process of transporting people. The dynamics of a wheelchair moving 

with a wheel assembly and a support mechanism were studied [21]. The robot moving up stairs without a 

load showed the ability to climb stairs and stability at a fixed stair size. Research by Tian-ci Jiang and 

Grzegorz Dobrzyński analyzed the types of robots capable of climbing stairs and proposed a robot design 

with a user-controlled center of gravity to limit tipping; however, the results were only simulations [22], [23]. 

Robots capable of seat adjustment and damping are designed in 3D software proposed by Prof. S.M. 

Ramnani and colleagues; however, the current system is limited in size and the automatic capabilities of the 

balancing and anti-tilting system [24]. Dobrzyński et al. [25] uses a balancing slider to perform the process of 

moving up stairs; the robot's dynamic equations are also presented, but still in a 3D environment, and 

oscillations exist. Chawaphan et al. [26] using sensors in the process of center of gravity control is also 

somewhat feasible, although it is in the testing phase. Some robots can carry loads from 3 kg to 120 kg [27] 

and can move on stairs; however, the center of gravity control process is not yet capable of moving on 

different steps, and the structure is quite complex [28]. Based on the kinematic equations and dynamics of the 

robot, a closed-loop error control system to maintain stability during the robot's movement was studied [29], 

[30]. Current studies have achieved some success in the process of the robot moving up stairs; however, it is 

still not truly effective in transporting people up and down stairs. 

In this study, a model of a robot transporting people upstairs using tracks, employing linear 

actuators in anti-roll control and oscillation reduction, is proposed. The change in the robot's center of gravity 

according to the stair slope is evaluated through the dynamic equations built throughout the operation. The 

results of the analysis and evaluation of the robot's operating state are verified in simulation and experiment 

to confirm the correctness of the constructed dynamic equations and to serve as a basis for building an anti-

roll control algorithm for the robot transporting people. 

 

 

2. HUMAN TRANSPORT ROBOT MODEL 

2.1.   Building a model of a human transport robot 

The human transport robot is designed move on flat surfaces using wheels and to ascend stairs with 

crawlers. The balancing mechanism is connected to the seat, automatically adjusting the robot's center of 

gravity to change according to the slope of the stairs. The anti-roll mechanism behind performs the task of 

supporting the worker, reducing vibration, and increasing the robot's anti-roll ability. The robot is designed to 

always be in contact with at least two steps, which helps prevent falling by ensuring stable contact points. 

The schematic diagram Figure 1(a) and 3D model of the human transport robot are shown in Figure 1(b). The 

robot performs one-way movement up and down stairs, moves upstairs with a backward movement, and 

moves down stairs in the forward direction, in the same direction as the user's view. 

 

 

  
(a) (b)  

 

Figure 1. Human transport robot model (a) schematic diagram and (b) 3D model 
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2.2.  Dynamics of a robot transporting people up and down stairs 

The dynamic equations of robot transporting people are considered with movement on a flat surface 

using circular wheels, as shown in Figure 2(a), and movement on stairs using tracks as Figure 2(b). The 

robot's coordinate system is established at the position of the passive track at the front of the robot, with the 

OX axis parallel to the ground and the OY axis perpendicular to it. The robot's center of gravity 𝐺𝐶𝑅 begins 

to change when the robot switches to stair movement mode. The robot's center of gravity is determined by 

the relationship between the center of gravity of the robot frame 𝐺𝑅(𝑙𝑅𝑥 ,  𝑙𝑅𝑦) and the center of gravity of the 

seat 𝐺𝑛(𝑙𝑛𝑥,  𝑙𝑛𝑦). The center of gravity of the seat is adjusted according to the change in the robot's tilt angle. 

 

 

  
(a) (b)  

 

Figure 2. The robot's stair-climbing phase in (a) while on a flat surface and (b) climbing the first step 

 

 

The center of gravity of the robot frame and the center of gravity of the seat when the robot moves 

on a plane (Figure 2(a)) are set as (1): 

 

{
𝑙𝑅𝑥 = 𝐿 𝑐𝑜𝑠 𝛽
𝑙𝑅𝑦 = 𝐿 𝑠𝑖𝑛 𝛽

; {
𝑙𝑛𝑥 = 𝑎2 − 𝑏 𝑐𝑜𝑠 𝛼0

𝑙𝑛𝑦 = 𝐶 + 𝑏 𝑠𝑖𝑛 𝛼0
 (1) 

 

Where 𝑙𝑅𝑥(𝑚𝑚), 𝑙𝑅𝑦(𝑚𝑚) is the coordinate of the robot frame's center of gravity, and 𝑙𝑛𝑥(𝑚𝑚), 𝑙𝑛𝑦(𝑚𝑚) is 

the coordinate of the seat along the OX and OY axes, L(mm) is the distance between the coordinate system 

and the center of gravity, 𝐿1 (mm) is the distance between the passive wheel and the position of the chair's 

rotation axis along the x-axis, C (mm) is the distance from the chair's rotation axis to the ground, 𝛼0(0) is the 

chair's rotation angle, β(0) is the angle of the robot frame's center of gravity relative to the track surface, b 

(mm) is the distance from the chair's center of gravity to the rotation axis, 𝑎2(𝑚𝑚) is the projection of the 

distance from the coordinate axis to the angle of rotation onto the OX axis. 

As it moves, the robot begins to tilt at an angle θ according to the slope of the stairs, as shown in 

Figure 2(b). The robot's coordinate system is set according to the tilt as (3): 

 

{
𝑙𝑅𝑥 = 𝐿 𝑐𝑜𝑠( 𝛽 + 𝜃)
𝑙𝑅𝑦 = 𝐿 𝑠𝑖𝑛( 𝛽 + 𝜃)

; {
𝑙𝑛𝑥 = 𝐿1𝑐os(𝜃 + 𝛿) − 𝑏 𝑐𝑜𝑠 𝛼0

𝑙𝑛𝑦 = 𝐶 + 𝐿1 𝑠𝑖𝑛( 𝜃 + 𝛿) + 𝑏 𝑠𝑖𝑛 𝛼0
 (2) 

 

The robot's center of gravity 𝐺𝑐𝑅(𝑙𝑐𝑥 , 𝑙𝑐𝑦) is determined using the coordinates of the robot frame's center of 

gravity 𝐺𝑅 and the seat's center of gravity 𝐺𝑛 based on the tilt angle (θ). The position 𝑙𝑐𝑥 , 𝑙𝑐𝑦  is set as formula 

(3), and it is automatically adjusted according to the tilt angle. The robot center of gravity position is adjusted 

to be stable at the initial position, which can limit the phenomenon of tipping over, and the seat center of 

gravity determines the robot center of gravity position. 

  

{
𝑙𝑐𝑥 =

𝑚𝑛𝑙𝑛 𝑥+𝑚𝑅𝑙𝑅𝑥

𝑚𝑒

𝑙𝑐𝑦 =
𝑚𝑛𝑙𝑛 𝑦+𝑚𝑅𝑙𝑅𝑦

𝑚𝑒

⇒ {
𝑙𝑐̇𝑥 =

𝑚𝑛𝑙𝑛̇ 𝑥+𝑚𝑅𝑙𝑅̇𝑥

𝑚𝑒

𝑙𝑐̇𝑦 =
𝑚𝑛𝑙𝑛̇ 𝑦+𝑚𝑅𝑙𝑅̇𝑦

𝑚𝑒

 (3) 

 

Where 𝑚𝑛(𝑘𝑔),  𝑚𝑅  (𝑘𝑔) is the mass of the person and the mass of the robot; 𝑚𝑒(𝑘𝑔) = 𝑚𝑅 + 𝑚𝑛 is the 

total mass of the robot. The operating state of the robot when climbing stairs is shown in Figure 3. 
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(a) (b) (c) (d) (e) 

 

Figure 3. Stages of the robot climbing stairs: (a) first step, (b) ascending, (c) preparing to mount the landing, 

(d) final step, and (e) descending 

 

 

The robot moves on a flat surface using circular wheels, with the assistance of auxiliary support 

wheels to help it adapt to the stairs, as shown in Figure 2(a). During this phase, the robot prepares to climb 

the stairs, and the circular wheels are assumed to reach the maximum Coulomb friction limit. The kinematic 

equations are established as (4): 

 

∑ 𝐹𝑥 = 𝐹𝐿cos𝛿 − 𝑁3 𝑠𝑖𝑛 𝛿 +
𝜂𝑚𝑒𝑔𝑙𝑝

𝑙𝑝 + 𝑙𝑤 + 𝜂𝑙𝑐𝑦

= m𝑒𝑙𝑐̈𝑥  

∑ 𝐹𝑦 = − 𝑚𝑒𝑔 + 𝑁1 + 𝑁4 + 𝑁3(𝑐𝑜𝑠 𝛿 + 𝜂 𝑠𝑖𝑛 𝛿) = 0 

∑ 𝑀𝑅 = 𝑁1𝑙𝑤 − 𝑁4𝑙𝑝 −
𝜂𝑚𝑒𝑔𝑙𝑝

𝑙𝑝 + 𝑙𝑤 − 𝜂𝑙𝑐𝑦

𝑙𝑐𝑦 = 0 

𝑙𝑝 = 𝐿2 − 𝑙𝑐𝑥 (4) 

 

Where 𝑁1(𝑁),  𝑁4 (𝑁), 𝑁3(𝑁) is the reaction force, 𝑙𝑝 (mm) is the distance between the robot's center of 

gravity and the support wheel position; 𝑙𝑤 (mm) is the distance between the robot's wheel on the ground; η is 

the coefficient of friction; 𝐹𝐿 (N) is the traction force of the crawler; 𝛿 (0) is the crawler angle, 𝑔 (𝑚/𝑠2) is 

the acceleration of gravity, 𝐿2(𝑚𝑚) is the distance from the coordinate system to the auxiliary support 

wheel. 

The dynamic equations describing robot motion during the ascent of the first stair step, as illustrated 

in Figure 3(a), are formulated as (5): 

 

∑ 𝐹𝑥 = 𝐹𝐿 𝑐𝑜𝑠( 𝜃) + 𝜂𝑁1 𝑐𝑜𝑠( 𝜃) − 𝑁3 𝑠𝑖𝑛( 𝜃) = 𝑚𝑒𝑙𝑐̈𝑥 

∑ 𝐹𝑦 = 𝐹𝐿sin(𝜃) + 𝑁1 + 𝑁3cos(𝜃) − 𝑚𝑒𝑔 = 𝑚𝑒𝑙𝑐̈𝑦 

∑ 𝑀𝑅 = 𝑚𝑒𝑔(𝑎2 − 𝑙𝑐𝑥 − 𝑙4) + 𝑁1(𝜂𝐻 − 𝐿1cos𝜃 − 𝑙4) = [𝐼𝑠 + 𝑚𝑒𝑅𝑐1
2 ]𝜃̈ 

𝑅𝑐1 = √(𝑎2 − 𝑙𝑐𝑥 − 𝑙4)2 + (𝑙𝑐𝑦 − 𝐻)2 (5) 

 

Where 𝑅𝑐1 (mm) is the distance from the robot's center of gravity to the first step, 𝑙4 (mm) is the distance 

from the step to the center of the chair's pivot axis, 𝐻 (mm) is the step height, and 𝐼𝑠(𝑘𝑔. 𝑚2) is the moment 

of inertia. 

The robot's overturning moment is largest when the crawler moves completely on the step and only 

contacts two steps, see Figure 3(b). The dynamic equation of the robot in contact with two steps is presented 

as (6): 

 

∑ 𝐹𝑥 = 𝐹𝐿cos(𝜃) + 𝜂(𝑁2 − 𝑁3)cos(𝜃)- N2 𝑠𝑖𝑛( 𝜃) = 𝑚𝑒𝑙c̈x 

∑ 𝐹𝑦 = 𝐹𝐿 𝑠𝑖𝑛( 𝜃) + 𝜂(𝑁2 + 𝑁3) 𝑠𝑖𝑛( 𝜃) + (𝑁2 + 𝑁3) 𝑐𝑜𝑠( 𝜃) − 𝑚𝑒𝑔 = 𝑚𝑒𝑙𝑐̈𝑦 

∑ 𝑀𝑅 = 𝐹𝐿(𝑤1sin(𝜃) - Hcos(𝜃)) - 𝑚𝑒gw2 + 𝑁3(𝜂𝐻 + 𝑤1) = 0 (6) 

 

Where 𝑤2 (mm) is the distance from the first step to the projection of the center of gravity in the direction of 

movement, 𝑤1 (mm) is the width of the step. 
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The robot experiences an imbalance and flips backward as it begins to leave the staircase, as shown 

in Figure 3(c). The greater the distance from the robot's center to the last step of the staircase 𝑅𝑐3 (mm), the 

further the robot's center of gravity shifts backward. The thrust force 𝐹𝐴(𝑁) d from the electric cylinder of the 

damping mechanism prevents the robot from flipping backward. The dynamic equation for damping the 

robot is as (7): 

 

∑ 𝐹𝑥 = 𝐹𝐿cos𝜃 −  𝜂(𝑁3+ N4 − 𝑁2 )cos𝜃 + 𝐹𝐴cos(𝜃 + 𝜉)  − (𝑁3+ N2)sin𝜃 = 𝑚𝑒(𝑙c̈x 𝑐𝑜𝑠 𝜃

+ 𝑙c̈y 𝑠𝑖𝑛 𝜃) 

∑ 𝐹𝑦 = 𝐹𝐿 𝑠𝑖𝑛 𝜃 + 𝜂(𝑁2 + 𝑁3) 𝑠𝑖𝑛 𝜃 + (𝑁2 + 𝑁3) 𝑐𝑜𝑠 𝜃 + 𝑁4 + 𝐹𝐴 𝑠𝑖𝑛( 𝜃 + 𝜉)  − 𝑚𝑒𝑔 𝑐𝑜𝑠 𝜃 

= 𝑚𝑒[𝑙𝑐̈𝑥 𝑠𝑖𝑛 𝜃 + 𝑙𝑐̈𝑦cos𝜃] 

∑ 𝑀𝑅 = 𝐹𝐿(Hcos𝜃 − 𝑤 𝑠𝑖𝑛 𝜃) + 𝐹𝐴

𝛥𝐿

𝑡𝑎𝑛 𝜃
+ 𝑁2(𝐻 𝑠𝑖𝑛 𝜃 + 𝑤 𝑐𝑜𝑠 𝜃) + 

𝑁4

𝛥𝐿

𝑡𝑎𝑛 𝜃
− 𝑚𝑒𝑔(𝐿3cos(𝜃 + 𝜉) −

𝛥𝐿

𝑡𝑎𝑛 𝜃
− 𝑙cx) = (𝐼𝑠 + 𝑚𝑒𝑅𝑐3)𝜃̈ 

𝑅𝑐3 = √(𝐿3cos(𝜃 + 𝜉) −
𝛥𝐿

𝑡𝑎𝑛 𝜃
− 𝑙cx)2 + (𝑙𝑐𝑦 − (𝐿3 𝑠𝑖𝑛( 𝜉 + 𝜃) − 𝐻1))

2

 (7) 

 

Where 𝐻1(𝑚𝑚) l is the cylinder length, 𝛥𝐿(𝑚𝑚) is the displacement of the electric cylinder, 𝐿3(𝑚𝑚) is the 

distance of the vibration-damping mechanism from the coordinate system, and 𝜉(0) is the angle of the 

vibration-damping mechanism relative to the track surface. 

The robot reaches the final step with the auxiliary support structure engaged, as shown in  

Figure 3(d). Although the robot’s center of gravity is located on the stair platform, a backward tipping 

tendency still exists. Accordingly, the dynamic equations for this stage are given by (8). 

 

∑ 𝐹𝑥 = 𝐹𝐿cos𝜃 + F𝐴cos(𝜃 + 𝜉) −  𝜂(𝑁3 + 𝑁4)cos𝜃 − 𝑁3sin𝜃 = 𝑚𝑒(𝑙𝑐̈𝑥cos𝜃 + 𝑙𝑐̈𝑦sin𝜃) 

∑ 𝐹𝑦 = 𝐹𝐿sin𝜃+ F𝐴sin(𝜃 + 𝜉)+ 𝜂(𝑁3 − 𝑁4) 𝑠𝑖𝑛 𝜃 + 𝑁3cos𝜃 + 𝑁4  −  𝑚𝑒gcos𝜃= 𝑚𝑒(𝑙𝑐̈𝑦cos𝜃 − 𝑙𝑐̈𝑥sin𝜃) 

∑ 𝑀𝑅 = 𝐹𝐿

𝛥𝐿

𝑡𝑎𝑛 𝜃
𝑠𝑖𝑛 𝜃 + 𝑁3𝑤2 𝑠𝑖𝑛 𝜃 + 𝐹𝐴

𝛥𝐿

𝑡𝑎𝑛 𝜃
− 𝑚𝑒𝑔(𝑙𝑐𝑥 − 𝐿3cos(𝜃 + 𝜉) − 𝑡𝑎𝑛 𝜃 (𝐿3 𝑠𝑖𝑛( 𝜃 + 𝜉) − 𝐻1) 

= (𝐼𝑠 + 𝑚𝑒𝑅𝑐4)𝜃̈ 

𝑅𝑐4 = √(𝑙𝑐𝑥 − (𝐿3cos(𝜃 + 𝜉) − 𝑡𝑎𝑛 𝜃 (𝐿3 𝑠𝑖𝑛( 𝜃 + 𝜉) − 𝐻1))2 + (𝑙𝑐𝑦 − (𝐿3 𝑠𝑖𝑛( 𝜃 + 𝜉) − 𝐻1))
2
 (8) 

 

Where 𝑅𝑐4 (mm) is the distance from the center of gravity to the last step of the staircase. 

At the end of the uphill phase, the robot's tilt angle returns to its original position. Next, the robot 

begins the downhill phase as shown in Figure 3(e). The robot adapts to the stair slope using an auxiliary 

support mechanism. The anti-roll mechanism adjusts the robot's center of gravity linearly according to the 

change in tilt angle. The dynamic equations for the robot's downhill movement are presented as (9): 

 

∑ 𝐹𝑥 = 𝐹𝐿cos𝜃 + 𝐹𝐴 𝑐𝑜𝑠( 𝜃 + 𝜉) − 𝜂(𝑁1 + 𝑁4)cos𝜃= 𝑚𝑒[𝑙c̈xcos𝜃 +𝑙c̈ysin𝜃] 

∑ 𝐹𝑦 = 𝐹𝐿 𝑠𝑖𝑛 𝜃 + 𝑁1 + 𝑁4 + 𝐹𝐴 𝑠𝑖𝑛( 𝜃 + 𝜉) − 𝜂(𝑁1 + 𝑁4) 𝑠𝑖𝑛 𝜃

− 𝑚𝑒𝑔= 𝑚𝑒[𝑙c̈y 𝑐𝑜𝑠 𝜃 − 𝑙c̈x 𝑠𝑖𝑛 𝜃] 

∑ 𝑀𝑅 = 𝐹𝐴𝐿3 𝑐𝑜𝑠( 𝜃 + 𝜉) + 𝐹𝐿𝐿4 − 𝜂𝑁4(𝐻1 𝑡𝑎𝑛( 𝜉 + 𝜃) − 𝑙𝑐𝑥) − 𝑚𝑒𝑔𝑙𝑐𝑥 𝑠𝑖𝑛 𝜃 = (𝐼𝑠 + 𝑚𝑒𝑅𝑐6)𝜃̈ 

𝑅𝑐6 = √𝑙𝑐𝑥
2 + 𝑙𝑐𝑦

2  (9) 

 

 

3. SIMULATION AND EXPERIMENTATION 

3.1.   Simulation results  

The simulation was set up in MATLAB Simulink software and used the equations developed in 

section 2 to evaluate the variation of the center of gravity, oscillation phenomena, and the system's ability to 

adapt to changes in the tilt angle. The input signal is a step function signal; the parameters used in the 

simulation are presented in Table 1. Simultaneously, assumptions about slippage, non-linear robot 

movement, and instantaneous effects when the robot goes up and down stairs were ignored. 
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Table 1. The parameters used for simulation 
Symbol  Description Value Unit  

𝜔 Maximum motor speed (assumed) 2000 RPM 

𝑚𝑒 Robot mass 150 Kg 

𝐿1 Distance from the seat rotation axis to the driven wheel 800 mm 

𝑎2 Distance of the seat pivot axis projection onto the ox axis 500 mm 

𝐿3 Distance from the auxiliary support mechanism to the driven wheel 900 mm 

𝐹𝐿 Traction force 1720 N 

𝐹𝐴 Electric actuator lifting force 1000 N 

𝐼𝑠 Moment of inertia 120 𝑘𝑔. 𝑚2 

g Gravitational acceleration 9.8 𝑚/𝑠2 

𝜂 Coefficient of friction 0.6  

𝛥𝐿 Auxiliary support mechanism stroke (assumed) 300 mm 

𝜃 Tilt angle  35 ° 

𝜉 Angle between the auxiliary support mechanism and the X-axis 30 ° 

𝐻 Stair height 150 mm 

𝑤1 Stair width 300 mm 

 

 

The simulation results of the robot's center of gravity and dynamic moment over time are presented 

in Figure 4. The results show that the velocity at the robot's center of gravity along the X-axis reaches a 

maximum in about 0.25 seconds, then gradually decreases in Figure 4(a). Initially, the forward velocity along 

the X-axis increases until the robot reaches the first step, then tends to decrease. The velocity along the  

Y-axis decreases rapidly and reaches a minimum in about 0.2 seconds, then begins to increase slightly with 

the angle of inclination θ in Figure 4(b). Regarding the position of the center of gravity along the X-axis, it 

increases, then decreases towards the slope of the stairs in Figure 4(c), while the position along the Y-axis 

initially decreases slightly, then stabilizes and begins to increase at 0.5 seconds in Figure 4(d). The results of 

the moment survey of the robot's center of gravity show that the robot is in a fairly stable state, without 

tipping over. The balancing moment of the robot's center of gravity increases rapidly and stabilizes in  

0.5 seconds, as shown in Figure 4(e). The robot's overturning moment reaches a maximum in the first  

0.7 seconds and then gradually decreases in Figure 4(f). The tilt angle θ varies over time, as shown in  

Figure 4(g), describing the variation of the robot’s inclination while ascending the stairs. 

 

 

   
(a) (b) (c) 

   

   
(d) (e) (f) 

   

 
(g) 

 

Figure 4. Simulation results of the initial stair-climbing stage: (a)–(d) center-of-gravity velocities and 

positions along the X- and Y-axes, (e) balancing moment, (f) overturning moment, and (g) inclination angle 
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Figure 5 presents the simulation results of the phase while on the stairs, showing that the robot's 

center of gravity velocity reaches its maximum in 0.25 seconds and then gradually decreases, as shown in 

Figure 5(a), and the velocity along the oy axis reaches its minimum and increases after 0.2 seconds in  

Figure 5(b). During the phase when the robot is moving up the stairs, the center of gravity along the x-axis 

tends to reach its maximum and then gradually decrease in Figure 5(c), while the center of gravity along the 

Y-axis gradually decreases over time in Figure 5(d), indicating that the center of gravity balancing 

mechanism is working and gradually stabilizing. The balancing moment increases rapidly and reaches a 

steady value as the robot fully ascends the staircase in Figure 5(e). The overturning moment remains nearly 

constant in Figure 5(f), indicating stable robot behavior during stair climbing. 

 

 

  
(a)  

 

(b)  

  
(c) 

 

(d) 

  
(e)  (f)  

 

Figure 5. Simulation results for the robot operating on two stair steps: (a)–(d) center-of-gravity velocities and 

positions along the X- and Y-axes, (e) balancing moment of the center of gravity, and (f) overturning 

moment of the center of gravity 

 

 

The simulation results show that the X-axis and Y-axis as shown in Figures 6(a) and 6(b) velocity of 

the robot's center of gravity at the last step of the staircase fluctuates in the first 0.15 seconds, after which the 

velocity gradually increases. This indicates that the robot is switching the landing mode of the auxiliary 

support wheel and the effectiveness of the auxiliary support mechanism in preventing the robot from tipping 

over. The position of the center of gravity coordinates is stable in the first 0.4 seconds, then begins to 

increase gradually over time, as illustrated in Figures 6(c) and 6(d). 

The simulation results show that the velocity during the preparation phase of descending the stairs is 

presented in Figure 7(a) and the position of its center of gravity is depicted in Figure 7(b) along the X-axis 

increase and then decreases gradually with the angle of inclination. The velocity along the Y-axis increases to 

a maximum in 0.4 seconds, then gradually decreases during the robot's ascent and descent towards the stair 

step as demonstrated in Figure 7(c). The center of gravity stabilizes and begins to increase gradually from  

0.1 seconds during operation as shown in Figure 7(d). The balancing moment slightly increases and then 

rapidly decreases within 0.5 seconds, after which it stabilizes, as shown in Figure 7(e). When the robot 

descends the stairs, an overturning moment initially appears. However, it rapidly decreases after 0.3 seconds, 

as shown in Figure 7(f), indicating that the system achieves balance and the robot operates in an adaptive state. 
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The balancing mechanism adjusts the center of gravity to prevent the robot from tipping over in 

operating scenarios, as shown in Figure 8. The electric cylinder stroke needs to be adjusted to prevent tipping 

when the seated person falls forward as illustrated in Figure 8(a), when the robot moves fully up the slope of 

the stairs as illustrated in Figure 8(b), when the robot reaches the last step of the stairs as illustrated in 

Figure 8(c), and when moving down the stairs as illustrated in Figure 8(d). 

 

 

  
(a) (b)  

  

  
(c)  (d)  

 

Figure 6. Simulation results of the robot's center of gravity at the last step of the staircase:  

(a)–(d) center-of-gravity velocities and positions along the X- and Y-axes 

 

 

  
(a) (b)  

  

  
(c) (d)  

  

  
(e) (f)  

 

Figure 7. Simulation results for the robot preparing to descend the staircase: (a)–(d) center-of-gravity 

velocities and positions along the X- and Y-axes, (e) balancing moment on the stair platform,  

and (f) overturning moment 
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(a)  (b)  (c)  (d)  

 

Figure 8. Overturning-prone states of the human transport robot during stair negotiation: (a) first-step 

climbing, (b) fully moving up the stairs, (c) transferring to the support platform, and (d) stair descent 

 

 

Suppose the seat is designed with a width 𝑤(𝑚𝑚), a seat height 𝐻𝑐(𝑚𝑚), 𝑏0(𝑚𝑚) is the position 

where the cylinder is placed on the seat, 𝑙𝑐0(𝑚𝑚), 𝑙𝑐1(𝑚𝑚) is the initial stroke and operating stroke of the 

electric cylinder, 𝑙5(𝑚𝑚) is the distance from the cylinder to the seat rotation axis. The displacement distance 

𝛥𝑙𝑥𝑙(𝑚𝑚) that can stabilize the center of gravity when the robot moves up the slope θ is designed as: 

 

𝛥𝑙𝑥𝑙 = 𝐿𝑐1 − 𝑙𝑐0 = √𝑙5
2 + 𝑏0

2 − 2𝑙5𝑏0 𝑐𝑜𝑠( 𝛿 − 𝜃) − 𝑙𝑐0 

 

From the simulation results of the robot's center of gravity, the required cylinder stroke in the 

balancing mechanism was determined to ensure anti-tipping operation. The simulation results of the cylinder 

stroke are presented in Figure 9, showing that a required cylinder stroke of 300 mm can ensure stable robot 

movement on a 35-degree staircase. 

 

 

 
 

Figure 9. Balancing actuator stroke estimated from center-of-gravity simulation results 

 

 

3.2.  Experiment results 

Experimental results were obtained using a fabricated human transport robot model. The robot 

moved up a 35-degree slope staircase with a 300 mm wide and 150 mm high step as illustrated in the 

sequence in Figure 10, depicting the start of ascent, full positioning on the stairs, reaching the top, and the 

final step as shown in Figures 10(a) to 10(d). The robot carried a different weight at a speed of 0.5 m/s when 

ascending and 0.2 m/s when descending. Additionally, an electric cylinder with a movement speed of  

0.03 m/s and a stroke of 300 mm was used to control the robot's center of gravity and auxiliary support 

mechanism. Control was performed via a remote-control system. The system used an IMU (6 DOF) sensor 

mounted on the robot's body to measure the tilt angle, and a rotary encoder mounted on the seat's pivot and 

track axles to determine the robot's center of gravity movement trend through the seat's center of gravity 

movement. 

The experimental results were displayed on a computer via a wireless system. A real-time graph 

from the MATLAB Simulink software shows the results of the survey on the chair's movement velocity and 

the torque of the track axle as the robot moves up the stairs, as presented in Figure 11. The robot can move up 

and down the stairs safely without tipping over. In the initial phase, the torque on the left and right axles 
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increased rapidly for about 2 seconds and reached a maximum of 380 N·m, as shown in Figure 11(a). During 

the uphill phase, the torque remains almost constant, stabilizing at its maximum value for ascending the 

slope. During the ascending phase, the torque begins to decrease rapidly to zero. The chair's velocity 

increases rapidly in the first 10 seconds to balance the robot's body inclination. From the 10 th to the 17th 

second, the velocity fluctuates slightly and decreases as the robot begins to move towards the last step of the 

stairs. From the 17th second onwards, the robot ascends the stair platform and lowers its center of gravity, so 

the velocity increases slightly and gradually decreases to zero on the flat surface as illustrated in  

Figure 11(b). The chair's velocity fluctuates only slightly, indicating the robot's stability and safety during the 

stair climbing process. 

Experiments have shown that the designed human-carrying robot can move up and down stairs. 

Simulation and experimental results show that the measured quantities tend to vary similarly over time. The 

comparison results are presented in Table 2. 

The comparison results show that the dynamic trend of the system in simulation and in reality, is 

consistent, which demonstrates the correctness of the equations developed. However, the system is still 

limited in some stages, so on this basis, algorithms such as Fuzzy-PID [31], PD-SMC [32], and adaptive 

sliding [33] can be developed for control during the manufacturing and improvement of the human transport 

robot. 

 

 

    
(a) (b) (c) (d) 

 

Figure 10. Experimental results of the robot climbing a 35° staircase (a) start of stair ascent, (b) fully on the 

staircase, (c) reaching the end of the staircase, and (d) final stair step 

 

 

  
(a) (b) 

 

Figure 11. Experimental results of robot moving up stairs (a) track axis torque and (b) chair velocity 

 

 

Table 2. Comparison of simulation and experimental results 
Phase Simulation results Experimental results Remarks 

 Center of mass 

velocity (m/s) 

Tipping moment 

(N.m) 

Seat velocity 

(m/s) 

Drive torque 

(N.m) 

 

First-step 

climbing phase 

Rapid increase 

→ decrease 

Increase → rapid 

decrease 

Rapid increase Rapid increase Step-climbing state 

Fully on the 
staircase 

Slight increase 
→ rapid decrease 

Constant Rapid increase Steady state Stable motion on the 
staircase 

Final step-

climbing phase 

Oscillation 

→ increase 

Oscillation → rapid 

stabilization 

Oscillation 

→ slight increase 
→ decrease 

Constant Transition to the 

landing platform 

On the landing 

platform 

Slight increase 

→ rapid decrease 

Slight increase 

→ rapid decrease 

Increase 

→ gradual 
decrease to zero 

Rapid decrease 

to zero 

Effective balancing 

and vibration 
attenuation 



                ISSN: 2088-8708 

Int J Elec & Comp Eng, Vol. 16, No. 2, April 2026: 638-650 

648 

4. CONCLUSION  

This study developed a dynamic model of a robot for transporting people up and down stairs, 

capable of moving across various terrains with the participation of a balancing mechanism and an anti-

tipping mechanism at the bottom of the stairs. Based on Newton-Euler's formulas, force and moment 

equations were established to check the velocity, position, and moment of the robot's center of gravity at 

different stages of movement. Simulation results showed that the velocity and center of gravity change 

proportionally with the slope, and the balancing moment and tipping moment remain stable during the up and 

down stair climbing phases. Based on the simulation, the robot's fabrication process and experiments showed 

that the robot can move up and down stairs stably without tipping over on a 35-degree slope, with a load 

capacity of 100 kg. Although the experiments only measured the chair velocity and axis torque, the 

experimental results are consistent with the simulation regarding the kinematic trend of the robot's changing 

velocity. Based on the equations developed and the results obtained, control algorithms such as adaptive 

control algorithms, optimization algorithms, and stability algorithms will be used in future robot control to 

help robots operate flexibly and stably in all terrains and carry different loads. 
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