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1 Introduction 
 
  

Limit cycle walking biped robots are emerging as formidable contenders to ZMP-based 
humanoid robots due to their practical and natural walking [1-5].  
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A Modeling Framework for Rigid 

Legs Passive Dynamic Biped Walkers 

in MSC ADAMS  
Passive dynamic walkers have gained widespread interest for their 
ability to mimic human-like movements. However, modeling and 
simulating these walkers in mathematical software can be 
challenging due to their complex dynamic equations of motions. 
This paper presents a framework for multibody modeling and 
simulating passive dynamic biped walkers with rigid legs in MSC 
ADAMS. This approach significantly simplifies the modeling 
process by avoiding the complexity of deriving mathematical 
equations of motion. The framework involves creating a general 
base model of the biped walker (such as a compass-like design), 
followed by dynamic analysis in MSC ADAMS. The model 
developed in MSC ADAMS is carefully adapted through a 
suggested parameter adjustment procedure to ensure that the core 
functionalities of a purely mathematical model are preserved. The 
findings indicate that a slightly higher initial angular velocity of 
the stance leg is required in MSC ADAMS compared to the 
mathematical model to achieve stable periodic motion and account 
for stance foot slippage. This research enables more realistic 
simulations of passive biped robots in MSC ADAMS, reducing 
reliance on purely theoretical models. 
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These robots can exhibit stable limit cycle gaits without continuous local controllability during 

motion [6]. The concept of limit cycle walking originated from McGeer's influential research, 

which revealed walking as a naturally occurring dynamic mode triggered solely by gravity in a 

collection of mechanical systems, classified as "passive dynamic walkers" [7]. Ongoing 

research in passive dynamic walkers has theoretically and practically expanded since McGeer's 

work [8]. Garcia et al. [9] introduced the simplest walking model, capable of passive descent 

on a shallow slope. Goswami et al. [10] considered a compass-like model with the upper body, 

demonstrating stable passive walking. One of the main challenges in passive dynamic walkers 

is the theoretical extraction of their dynamic equations or models. Many researchers have 

struggled with the complexity and formidable task of obtaining fully analytical equations for 

these robots [11]. Recently, multibody dynamic simulation software has been developed to 

physically model systems instead of extracting complex equations of motion. Undoubtedly, one 

of the most powerful and well-known of these software is MSC ADAMS [12, 13]. It allows the 

user to simulate the motion of any complex mechanical system. It presents detailed velocity 

and displacement information for each moving body, joint dynamic forces, and so on [14]. 

Hence, a useful examination and optimization of any dynamic system -before accurate costly 

prototyping and experiment- can be accomplished using MSC ADAMS [15, 16]. Using 

multibody simulation software like ADAMS can significantly facilitate and accelerate the 

modeling stage of passive walkers. Researchers can avoid the complexity of deriving 

mathematical equations of motion for the walker and instead focus on physically assembling 

its CAD part models.   

Many researchers have explored the modeling of industrial robots, such as PUMA and KUKA 

[17, 18], in MSC ADAMS. Additionally, studies [19-28] highlight the extensive use of MSC 

ADAMS for simulating active exoskeletons and rehabilitation-oriented systems, focusing on 

controllers, actuators, and human-exoskeleton interactions. However, the application of MSC 

ADAMS for modeling biped robots remains limited and fraught with significant challenges. 

Zhu et al. [29] investigated a simplified humanoid robot with elastic feet in MSC ADAMS, 

integrated with a PID controller in MATLAB for co-simulation. They found substantial 

discrepancies between the simulation results from MATLAB and MSC ADAMS. Similarly, 

Hashemi et al. [30] compared the analytical inverse dynamics of the Nao humanoid robot's 

lower body, modeled in MATLAB, with MSC ADAMS simulation results for two scenarios. 

Both studies centered on ZMP-based biped robots. The challenges are even more pronounced 

when modeling passive dynamic biped walkers in MSC ADAMS, which rely solely on 

gravitational forces for locomotion [31]. Modeling the dynamic behavior of rigid-legged 

passive walkers poses significant difficulties, particularly in accounting for impacts and foot 

slippage during stance phases. Analytical models, such as those implemented in MATLAB, 

often rely on idealized assumptions that are not easily adaptable to these challenges [32]. In 

MSC ADAMS, the impact model is based on Hertzian contact theory, representing collisions 

as spring-damper systems that approximate non-plastic collisions [33]. In contrast, MATLAB 

models typically assume fully plastic ideal collisions [34]. This fundamental difference in 

impact modeling results in unavoidable discrepancies between the simulation outputs of these 

two software environments. Ylikorpi et al. [35] compared a rigid-legged passive kneed walker 

modeled in MATLAB with ADAMS MD R3. They reported significant deviations, especially 

during the knee-lock phase, where ADAMS simulations were also highly noisy. Their findings 

suggest that reproducing MATLAB results in ADAMS for rigid-legged passive walkers is only 

partially feasible. Vasileiou et al. [36] developed a digital twin of a passive biped robot using 

analysis, experiments, and MSC ADAMS simulations. However, their model employed non-

rigid, flexible legs with curved feet, reducing overall stiffness to minimize computational effort 

and discrepancies. This approach omitted the instantaneous impact phase essential for 

mathematical modeling of rigid-legged passive biped walkers. 
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Hence, a satisfactory agreement between multibody dynamics simulations and mathematical 

models of passive biped robots with rigid legs remains elusive, underscoring a significant 

research gap in effectively leveraging multibody modeling tools like ADAMS. This research 

addresses this gap by utilizing dynamic multibody simulation environments such as MSC 

ADAMS to model rigid-legged passive dynamic walkers, incorporating fully plastic 

instantaneous impact phases. Essential guidelines and parameter adjustments are introduced to 

align the multibody model in MSC ADAMS more closely with the MATLAB mathematical 

model. The robustness and reliability of the proposed ADAMS model are validated through 

results comparable to MATLAB simulations. A two-link model is used as a foundational 

example to demonstrate the feasibility of these parameter adjustments and the general modeling 

process. The principles established here can be extended to more complex passive biped 

models, offering a generalized framework for validation and fine-tuning. This research lays the 

groundwork for a more realistic yet straightforward approach to modeling and verifying passive 

biped walkers in MSC ADAMS, reducing dependence on theoretical models and the extraction 

of complex equations of motion. The rest of the paper is reported as follows: Section )2( 

presents the passive walker model. Then, the mathematical model and periodic motions are 

presented using MATLAB in Section (3). Section (4) describes how to model and simulate a 

rigid-legged passive dynamic walker in MSC ADAMS. Section )5( compares and discusses the 

results obtained from MATLAB and MSC ADAMS. Finally, a conclusion is presented.  

 
2 Passive walker model 

 
The model used in this study is a two-rigid link compass biped walker (CBW), as shown in 
Figure (1). The robot model has two dimensions, with motion occurring on a slope. 
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Figure 1 Compass point-feet biped walker as the basic model for the study 
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Table 1 The physical parameters of the CBW 
 

 

Value Units Parameters 

1 m Length of legs (L) 

5 kg Mass of legs (m) 

10 kg Mass of hip (MH) 

9.81 m/s2 Gravity (g) 

 
In the figure, the stance and swing leg angles are denoted as 𝜃2 and 𝜃1, respectively. Geometric 
parameters, physical specifications of the robot, and the slope's degree (φ) are illustrated in 
Figure )1(, with numerical values provided in Table )1( [10]. Notably, the mass of the links is 
concentrated and placed in the middle of the legs. Assumptions for this robot model include: 1-
All links of the robot are rigid, 2-The only joint of this robot (hip joint) is frictionless. 

 
3   Dynamic modeling in MATLAB 
 

Each stride of the robot's walking consists of two steps. Each step also includes two motion 

phases: 1) the continuous phase and 2) the impact phase. In the continuous phase, one leg is in 

contact with the ground (stance leg), and the other moves forward in a hanging position. After 

the swing leg reaches the ground, a collision occurs, called the impact phase. The next step 

begins similarly but with a role reversal of the stance and swing leg. 
  

3.1   Continuous phase 
 

The assumptions considered in this phase include: 1-The friction between the ground and the 

leg in contact with it is significant enough that the leg does not slip, 2-The reaction force 

between the stance leg and the ground always remains positive (upward). The state variables 

are expressed as Equation (1), given the provided explanations.  
 

 
(1) 

 
𝒙 = [

𝒒
𝒒̇] =

[
 
 
 
𝜃1

𝜃2

𝜃1̇

𝜃2̇]
 
 
 

 

 

Where 𝒒 in the aboveequation represents the robot's positional variables (generalized 

coordinates). The Lagrange method is used to derive the governing dynamic equations for this 

robot as [37] 
 

(2) 
𝑑

𝑑𝑡
(
𝜕𝐿

𝜕𝒒̇𝑖
) −

𝜕𝐿

𝜕𝒒𝑖
= 𝑭𝑖 

 
𝐿 is the LaGrange, and 𝑭𝑖 is the equation's generalized force vector associated with 𝒒. Appendix 

A gives details of the position and velocity vectors and the model's kinetic and potential 

energies. Finally, the governing equations will be obtained as equation (3) [37].  

 
(3) 𝑫(𝒒)𝒒̈ + 𝑪(𝒒, 𝒒̇)𝒒̇ + 𝑮(𝒒) = 𝑩(𝒒)𝒖 

  

Where 𝑫 is the inertia matrix, 𝑪 is the Coriolis matrix, 𝑮 is the gravity vector, 𝒖 is the actuator 

torque vector, and 𝑩 is the matrix that converts actuator torques to generalized forces. Here, 
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due to passive walking and the lack of an actuator in the robot, 𝒖 = 0. Furthermore, the matrices 

of 𝑫, 𝑪, and 𝑮 are detailed in Appendix A. Then, the dynamic state-space model of the robot is 

obtained as: 

  

(4) 𝒙̇ = [
𝒒̇
𝒒̈
] = [

𝒒̇

𝑫(𝒒)−𝟏[−𝑪(𝒒, 𝒒̇)𝒒̇ − 𝑮(𝒒)]
] 

  
3.2    Impact phase 

  

In this phase, simplified assumptions have also been used for the dynamic model. These 

assumptions include [34]: 

 During the impact of the swing leg on the ground, the leg neither slips nor jumps upwards 

but immediately reaches zero velocity at the contact point.  

 The impact is assumed to be immediate. 

 Impulsive forces immediately change the speeds of the links but do not create any change in 

the positions of the links. 

We first need to obtain the system's dynamic equations in general form to model the impact 

without considering additional constraints such as pinning the stance leg to the ground. In this 

case, the system has 4 degrees of freedom, with 2 degrees of freedom related to the positional 

location of the stance leg's toe and 2 degrees of freedom related to the angles between the links. 

These are represented in C (5). 

 

(5) 𝒒𝒆 = [

𝑥
𝑦
𝒒
] 

   
Consequently, the governing equations in the impact phase will be obtained as 

  
(6) 𝑫𝒆(𝒒𝒆)𝒒𝒆̈ + 𝑪𝒆(𝒒𝒆, 𝒒𝒆̇)𝒒𝒆̇ + 𝑮𝒆(𝒒𝒆) = 𝜹𝑭𝒆𝒙𝒕 

  
 𝑫𝒆, 𝑪𝒆, 𝑎𝑛𝑑  𝑮𝒆 matrices are computable as in the impact phase and bring the matrices of them 

in Appendix A. In the above equation, 𝜹𝑭𝒆𝒙𝒕 represents the impulsive generalized forces that 

arise due to the impact of the suspended foot on the ground. The resulting equation is obtained 

as Appendix A if we integrate the above equation throughout the impact. If we denote the 

position of the swing leg's foot tip as 𝑷(𝒒𝒆), then taking a partial derivative led to Appendix A. 

Given the assumptions of the impact model, the swing leg does not slip or jump upwards after 

the impact on the ground. Therefore, this assumption is modeled as Equation (7). 

 
(7) 𝑬𝒒𝒆̇

+ = 0 
 
Thus, to obtain the velocities after the impact on the ground, the system of linear equations must 

be solved as in Appendix A. By solving this equation, the velocities can be immediately 

obtained after the impact. 

 
(8) 𝒙+ = ∆(𝒙−) 

 
It is crucial to note that the roles of the stance and swing legs switch after the impact. Now, 

considering the points mentioned above, the overall dynamic equation of the system can be 

written as a combination of the continuous and impact phases. 
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(9-1) {
𝒙̇(𝒕) = 𝒇(𝒙(𝒕))                           𝒙−(𝒕) ∉ 𝑆                 

𝒙+(𝒕) = ∆(𝒙−(𝒕))                        𝒙−(𝒕) ∈ 𝑆              
 

 

(9-2) 
 

𝑆 = {(𝒒, 𝒒̇)|𝜃1 = −𝜃2} 

 

Where 𝒇(𝒙) are extracted in the Appendix in detail, the subspace 𝑆 is a hypersurface in the state 

space where the impact phase occurs. This corresponds to the condition 𝜃1 = −𝜃2 for the leg's 

impact on the ground. This means the impact occurs when the swing leg's angle reaches the 

stance leg's complementary angle. It should be noted that to achieve such a condition, we do 

not consider the scuffing with the ground. 
 
3.3     Periodic motion and fixed points 
 

One standard method for analyzing the existence and stability of periodic motions in walking 

robots is the Poincaré map [38]. It relates the system's state immediately after a collision (the 

beginning of a step) to the state after the subsequent collision (the beginning of the next step) 

[14, 39]. 
 

)10( 𝒙𝒏+𝟏 = 𝑷(𝒙𝒏) 

 
A fixed point represents a state of the system corresponding to a periodic motion or limit cycle. 

If this fixed point is stable, the gait is also stable. To establish stability, the eigenvalues of the 

P map at the fixed point must be less than one [40]. Numerical methods are commonly used to 

prove this condition. To simulate the CBW in MATLAB, the dynamic equations and the 

Poincaré map are coded [41]. Determining the fixed point of the Poincaré map is crucial for the 

robot to walk stably and periodically on an inclined plane. We employ MATLAB's "fsolve" 

function for numerical optimization [42, 43]. Initially, random values are considered for the 

state variables, and the optimization reveals the desired values that result in a stable periodic 

motion or fixed point for the robot. 

Under the above conditions, the asymptotically stable walking of the theoretical model of the 

bipedal robot under study was simulated in MATLAB software.  

 

 
Figure 2 Stick diagram for one gait cycle of CBW in MATLAB  
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Figure )2( illustrates snapshots of the model during one gait cycle of motion in MATLAB. 

 
 

 
(11) 

𝒙𝒑 =

[
 
 
 
𝜃1

𝜃2

𝜃1

𝜃2̇

̇

]
 
 
 

= [

−0.2022
0.1674
−0.60
−0.84

] 

 

Under the above conditions, the asymptotically stable walking of the theoretical model of the 

bipedal robot under study was simulated in MATLAB software. Figure )2( illustrates snapshots 

of the model during one gait cycle of motion in MATLAB. 

  
4    Dynamic modeling in MSC ADAMS  
 

This section uses the passive walker model in MSC ADAMS to match the previous 

mathematical model and validate the obtained results. MSC ADAMS utilizes the recursive 

formulation of Newton-Euler mechanics combined with multibody dynamics principles for 

modeling. Unlike MATLAB's Lagrangian approach, its recursive handling of dynamics and 

constraint equations ensures scalability without requiring a complete remodel when adding 

links. This highlights the practicality and user-friendliness of MSC ADAMS. Furthermore, 

MSC ADAMS simulates collisions and ground contacts using spring-damper and Hertzian 

contact theories, providing a realistic representation of real-world conditions.  

The overall model created in MSC ADAMS, including the biped and the terrain, is shown in 

Figure )3(. The robot consists of three straight, rigid links: the right, left leg, and hip. The hip 

consists of a rod that acts as a revolute joint. All the model links under study were CAD modeled 

in SolidWorks based on the geometric parameters explained in Section (2). Once the model is 

created, the movement of the robot is constrained by defining a plane constraint; thus, the 

robot's gait is executed in a 2-dimensional space. One of the challenges in MSC ADAMS is the 

3D environment, while we need to simulate a 2D walking model similar to the theoretical model 

in MATLAB [31]. To overcome this problem, we model a leg as two symmetric rigid links 

fixed and constrained to each other, as shown in Figure )3(, which restricts the motion of the 

whole robot to the 2D plane. After importing the modeled links into MSC ADAMS, we placed 

the link acting as the swing leg (link-leg 1) between the other two links (link-leg 2) and bound 

them by a revolute joint in the hip (link-hip). In addition, we matched the physical and geomatic 

parameters of each link of CBW in MSC ADAMS to the MATLAB model exactly (Figure 

)4a)). As shown in Figure )4a  ( , and consistent with the MATLAB implementation, we employ 

a point mass model with inertia values intentionally set to zero in MSC ADAMS. This 

framework can also be adapted to accommodate more complex models beyond the point mass 

representation. 

To position the walker correctly on the ground in MSC ADAMS, we have temporarily 

connected the feet-point of the stance leg and the ground by a revolute joint, as shown in Figure 

(3). Note that this joint was later deactivated before several steps were simulated. In addition, 

the terrain was modeled as a checkerboard-like surface to avoid the foot touching down on the 

ground, as shown in Figure )3(. The robot's gait does not include toe and heel rotation, as the 

movement phases only include the rolling phase. A challenge in this section was to determine 

the location of scuffing on the ground. To solve this problem, we extracted the length of each 

step from MATLAB and created the physical ground based on this. Another major challenge is 

that the impact model of MSC ADAMS is based on Hertzian contact theory, and the impact of 

CBW on the ground cannot be fully inelastic like the ideal model assumed in MATLAB [33, 

34]. The Hertzian relationship refers to the mathematical model proposed by Heinrich Rudolf 

to describe the behavior of elastic materials on contact [33].  
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Figure 3 Dynamic model of CBW in MSC ADAMS   
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Figure 4 Values entered for (a) Geometrical and physical parameters and (b) Impact and friction coefficients 

[12] 
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  (a) 

 

 
        (b) 

Figure 5 The final initial angular velocity plots of (a) link 1 and (b) link 2 

  
Table 2 The initial values of the state space variable vectors in MATLAB and MSC ADAMS 

 MATLAB MSC ADAMS Difference rate percent 

𝜽𝟏 (𝒓𝒂𝒅) −0.2022 -0.2021 +0.1% 

𝜽𝟐 (𝒓𝒂𝒅) 0.1674 0.1670 +0.15% 

𝜽𝟏̇(
𝒓𝒂𝒅

𝒔𝒆𝒄⁄ ) −0.60 -1.02 +41% 

𝜽𝟐̇(
𝒓𝒂𝒅

𝒔𝒆𝒄⁄ ) −0.84 -3.20 +74% 

 

Impact

Impact Force 
vector

 
 

 

Figure 6 Snapshot of periodic walking of CBW for one gait cycle in MSC ADAMS 
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The relationship describes the contact area, deformation, and stress distribution between two 

elastic bodies in contact, assuming that the deformation is within the elastic limit of the 

materials [44]. We have tried to achieve an ideal situation in which the contact does not cause 

any significant sliding or bouncing, and the mechanism can ideally perform periodic walking 

[45]. In order to have enough friction in the MSC ADAMS model at the feet on the one hand 

and to maintain the similarity with the ideal model in MATLAB on the other hand, we consider 

minor foot points beveled with a radius of 1 mm in the CAD model as shown in Figure )3(.   

Additionally, as shown in Figure (4b), MSC ADAMS provides various contact options, such as 

surface-to-solid, curve-to-solid, and solid-to-solid, all based on spring-damper and Hertzian 

contact theory. For this study, we chose the solid-to-solid type to closely mirror real-world 

conditions while maintaining computational efficiency. In the collision dialog box, we also set 

the contact type to fixed, the normal force to impact, the friction force to coulomb, and the 

values of stiffness, damping, and static and dynamic friction between the feet-point and the 

ground to 105, 90, 0.9 and 0.7, respectively [46]. After all the above steps, we study CBW's 

behavior when walking on a slope in MSC ADAMS. In the first phase, we temporarily inserted 

a revolute joint between the initial stance foot and the ground. We simulated the model for one 

step using the same initial conditions as the theoretical model in MATLAB [47]. In this case, 

there would be no slippage between the stance foot and the ground, and the robot would not 

slide. We simulated the model several times under the assumed conditions. However, we had 

several failures, mainly due to the insufficient initial angular velocity of the legs, which caused 

the robot to lose balance after one step. 

Consequently, we started to increase the initial angular velocities of the legs. As a result, we 

were able to achieve stable periodic motion and equalize the state plots of links (1) and (2) when 

we increased their initial angular velocities by 41% and 74%, respectively, as shown in Figure 

(5). The final initial values of the state variables used for the equivalent CBW model in MSC 

ADAMS are listed in Table )2( and compared with the initial values in MATLAB. Figure (6) 

shows the snapshots of a gait cycle of the final stable walking of the MSC ADAMS model. 

 
5   Results and discussion 
 

Here, the final results of the position, velocity, state errors, limit cycle phase diagram, Kinetic 

energy, Potential energy, and total mechanical energy are utilized to compare and validate the 

theoretical model in MATLAB and the physical model in MSC ADAMS. The outcomes of 

these comparisons are presented in Figures 7-10, respectively. Also, the geometric and physical 

quantities used in the theoretical model (MATLAB model) and physical model (MSC ADAMS 

model) are presented in Tables 1 and 2. As mentioned in the previous section, we have increased 

the initial angular velocities of the legs instead of the MATLAB model for the physical model 

of the CBW in MSC ADAMS to achieve stable periodic walking.  

Figure (7) shows the plots of the angles and the angular velocities of the legs during periodic 

walking's five gait cycles (strides). As observed, the angles of the legs behave alternately to 

form consecutive steps in both plots. Note that the behavior of each of the angular velocities of 

the legs in a cycle differs between the stance and swing phases. It can be seen that the positions 

and velocities of the legs in both MSC ADAMS and MATLAB models are consistent with each 

other. We calculated the error between the theoretical model in MATLAB and the physical 

model in MSC ADAMS for both position and velocity data, as shown in Figure (8). As can be 

seen, the maximum error is around 10−4, which indicates the effectiveness of MSC ADAMS 

modeling approach proposed here. In analyzing nonlinear systems, especially the dynamics of 

walking robots, the analysis of limit cycles is crucial. Figure (9) shows the phase diagram and 

limit cycles formed from simulation in MATLAB and MSC ADAMS. As seen, the limit cycles 

resulting from the outcomes of both the theoretical and physical models exhibit remarkably 

similar behavior, confirming the stability in the walking of both models. 
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To complete the comparison and validation between the theoretical model in MATLAB and the 

physical model in MSC ADAMS, the plots of the Kinetic, Potential, and total mechanical 

energies are also presented in Figure (10). They indicate that all energy components in both 

models align with each other well. As can be seen, both models have a significant difference 

between kinetic and potential energies. In fact, given the passive walking of the robot and the 

absence of controllers at the joints, it is reasonable for the numerical value of Kinetic energy to 

be very low.  

Based on the results above, the critical characteristics of the two models have also been listed 

and quantitatively compared in Table )3(. It is noteworthy that the average forward velocity of 

the robot's center of mass (𝑣𝑐𝑜𝑚) is obtained by dividing the length of one complete step (∆x) 

by its time (𝑡𝑐𝑦𝑐𝑙𝑒), where the length of the robot's step is constant and equal to 0.0342 meters 

for the periodic walking under study. As seen, the average velocity of the robot in both models 

is very close to each other, with a difference of less than 1%. 

The two-link model assumed here is just a basic example to demonstrate the viability and 

general process of parameter adjustments for achieving dynamic consistency between ADAMS 

and MATLAB models. The same principles of validation and fine-tuning can be applied to 

more complex models, offering a general framework for dynamic modeling across different 

types of rigid-leg passive walkers in ADAMS. 
 
 

 
(a) (b) 

Figure 7 Comparing the results of CBW walking for five gait cycles or strides: (a) leg’s angles, (b) leg’s 
angular velocitie 
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             (a)                 (b) 

 

Figure 8 Error between the results of MATLAB and MSC ADAMS model; (a) leg’s angles and (b) leg’s 

angular velocities 

   
 

 
 

Figure 9 Limit cycles resulting from simulation in MATLAB and MSC ADAMS models 
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Figure 10 Kinematic, Potential, and Mechanical Energy compared between the model of MATLAB and MSC 

ADAMS 

 
 

Table 3 Comparison of critical characteristics of MATLAB and ADAMS models for one step of periodic 
walking quantitively 
 

Parameters Symbol Unit MATLAB 
MSC 

ADAMS 

Left step period 𝑡𝑙𝑒𝑓𝑡 (𝑠) 0.60 0.59 

Right step period 𝑡𝑟𝑖𝑔ℎ𝑡 (𝑠) 0.79 0.77 

One cycle period 𝑡𝑐𝑦𝑐𝑙𝑒 = 𝑡𝑙𝑒𝑓𝑡 + 𝑡𝑟𝑖𝑔ℎ𝑡 (𝑠) 1.39 1.38 

Average velocity of 

robot 
𝑣𝑐𝑜𝑚 = ∆𝑥/𝑡𝑐𝑦𝑐𝑙𝑒 (𝑚/𝑠) 0.0246 0.0248 

Average mechanical 

energy (5 steps) 
𝐸𝑎𝑣𝑔 = 𝐾𝐸 + 𝑃𝐸 (J) 150.13 150.14 

 
6    Conclusion    
     

This study presents a comprehensive modeling approach for passive biped walkers with rigid 
legs in MSC ADAMS. The research demonstrates the feasibility of physically modeling such 
passive walkers in MSC ADAMS while preserving fundamental properties such as speed, stride 
length, cycle, and natural dynamics similar to their full theoretical models. Guidelines for 
physical modeling in MSC ADAMS are developed and applied to achieve a match with the 
ideal theoretical model in MATLAB. In particular, as a parameter tuning, it was shown that a 
slightly higher initial angular velocity in MSC ADAMS is needed to compensate for the 
inevitable slippage of the stance foot at the beginning of motion, enabling periodic motion. The 
results highlight the effectiveness of the proposed approach in modeling an entirely theoretical 
compass biped in MSC ADAMS, similar to the ideal analytical model in MATLAB. By 
overcoming the challenges associated with the physical dynamic modeling of passive biped 
walkers, our approach not only simplifies and accelerates the construction of the passive biped 
models and their simulations but also provides a validation tool before conducting costly actual 
experiments.  
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This research lays the foundation for more accurate and reliable simulations of passive biped 

walkers, reducing reliance on purely theoretical models and providing a valuable tool for 

designing and developing these dynamic systems. The parameter adjustment of the ADAMS 

model described in this paper merely exemplifies the critical factors in achieving comparable 

results in ADAMS and MATLAB. It is evident that, by following the procedure presented in 

this paper, other researchers can easily establish their ADAMS model for any arbitrary passive 

walker in the future. 
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Appendix A 

 
This section illustrates the equations of motion for a compass biped robot. The introduction of 

the physical and geometrical model is in section 2. In the following equations, 𝒑𝜽𝟐
, 𝒑𝜽𝟏

, 𝒑𝑴𝑯 

are the position of the centers of mass of the legs and the hip, and additionally, 𝒗𝜽𝟐
, 𝒗𝜽𝟏

, 𝒗𝑴𝑯 

are angular velocities. 

 

𝒑𝜽𝟐
= [

−𝑎 × 𝑠𝑖𝑛(𝜃2)
𝑎 × 𝑐𝑜𝑠(𝜃2)

] 

 

(A.1) 

𝒑𝑴𝑯 = [
−𝐿 × 𝑠𝑖𝑛(𝜃2)
𝐿 × 𝑐𝑜𝑠(𝜃2)

] 

 

(A.2) 

𝒑𝜽𝟏
= 𝒑𝑴𝑯 + [

𝑏 × 𝑠𝑖𝑛(𝜃1)
−𝑏 × 𝑐𝑜𝑠(𝜃1)

] (A.3) 

 

𝑫 = [
𝑚 × 𝑏2 −𝑚 × 𝐿 × 𝑏 × 𝑐𝑜𝑠(𝜃2 − 𝜃1)

−𝑚 × 𝐿 × 𝑏 × 𝑐𝑜𝑠(𝜃2 − 𝜃1) 𝑀𝐻 × 𝐿2 + 𝑚 × (𝐿2 + 𝑎2)
] 

 

(A.4) 

𝑪 = [
0 𝑚 × 𝐿 × 𝑏 × 𝜃2̇ × 𝑠𝑖𝑛(𝜃2 − 𝜃1)

𝑚 × 𝐿 × 𝑏 × 𝜃1̇ × 𝑠𝑖𝑛(𝜃2 − 𝜃1) 0
] 

 

(A.5) 

𝑮 = [
𝑚 × 𝑔 × 𝑏 × si n(𝜃1)

−(𝑀𝐻 × 𝐿 + 𝑚 ∗ (𝑎 + 𝐿)) × 𝑔 × si n(𝜃2)
] (A.6) 

 

𝑫𝒆 =

[
 
 
 
 
𝐷𝑒11

𝐷𝑒21

𝐷𝑒31

𝐷𝑒41

𝐷𝑒12

𝐷𝑒22

𝐷𝑒32

𝐷𝑒42

𝐷𝑒13

𝐷𝑒23

𝐷𝑒33

𝐷𝑒43

𝐷𝑒14

𝐷𝑒24

𝐷𝑒34

𝐷𝑒44]
 
 
 
 

, 𝑪𝒆 =

[
 
 
 
 
𝐶𝑒11

𝐶𝑒21

𝐶𝑒31

𝐶𝑒41

𝐶𝑒12

𝐶𝑒22

𝐶𝑒32

𝐶𝑒42

𝐶𝑒13

𝐶𝑒23

𝐶𝑒33

𝐶𝑒43

𝐶𝑒14

𝐶𝑒24

𝐶𝑒34

𝐶𝑒44]
 
 
 
 

,  

 

(A.7) 

𝑮𝒆 = [

𝑏 × 𝑔 × 𝑚 × 𝑠𝑖𝑛(𝜃1)
−𝑔 × 𝑠𝑖𝑛(𝜃2) × (𝐿 × 𝑚 + 𝑎 × 𝑚 + 𝐿 × 𝑀𝐻)

0
𝑔 × (𝑀𝐻 + 2 × 𝑚)

]  (A.8) 
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𝐷𝑒11
= 𝑚 × 𝑏2 (A.9) 

𝐷𝑒12
= −𝑚 × 𝐿 × 𝑏 × 𝑐𝑜𝑠(𝜃2 − 𝜃1) (A.10) 

𝐷𝑒13
= 𝑏 × 𝑚 × cos(𝜃1) (A.11) 

𝐷𝑒14
= 𝑏 × 𝑚 × sin(𝜃1) (A.12) 

𝐷𝑒21
= −𝑚 × 𝐿 × 𝑏 × 𝑐𝑜𝑠(𝜃2 − 𝜃1) (A.13) 

𝐷𝑒22
= 𝐿2 × 𝑀𝐻 + 𝐿2 × 𝑚 + 𝑎2 × 𝑚 (A.14) 

𝐷𝑒23
= −cos(𝜃2) × (𝐿 × 𝑚 + 𝑎 × 𝑚 + 𝐿 × 𝑀𝐻) (A.15) 

𝐷𝑒24
= −sin(𝜃2) × (𝐿 × 𝑚 + 𝑎 × 𝑚 + 𝐿 × 𝑀𝐻) (A.16) 

𝐷𝑒31
= 𝑏 × 𝑚 × cos(𝜃1) (A.17) 

𝐷𝑒32
= −cos(𝜃2) × (𝐿 × 𝑚 + 𝑎 × 𝑚 + 𝐿 × 𝑀𝐻) (A.18) 

𝐷𝑒33
= 𝑀𝐻 + 2 × 𝑚 (A.19) 

𝐷𝑒34
= 0 (A.20) 

𝐷𝑒41
= 𝑏 × 𝑚 × 𝑠𝑖𝑛(𝜃1) (A.21) 

𝐷𝑒42
= −sin(𝜃2) × (𝐿 × 𝑚 + 𝑎 × 𝑚 + 𝐿 × 𝑀𝐻) (A.22) 

𝐷𝑒43
= 0 (A.23) 

𝐷𝑒44
= 𝑀𝐻 + 2 × 𝑚 (A.24) 

𝐶𝑒11
= 0 (A.25) 

𝐶𝑒12
= −𝑚 × 𝐿 × 𝑏 × 𝜃2̇ × 𝑠𝑖𝑛(𝜃1 − 𝜃2) (A.26) 

𝐶𝑒13
= 0 (A.27) 

𝐶𝑒14
= 0 (A.28) 
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𝐶𝑒21
= −𝑚 × 𝐿 × 𝑏 × 𝜃1̇ × 𝑠𝑖𝑛(𝜃1 − 𝜃2) (A.29) 

𝐶𝑒22
= 0 (A.30) 

𝐶𝑒23
= 0 (A.31) 

𝐶𝑒24
= 0 (A.32) 

𝐶𝑒31
= −𝑏 × 𝜃1̇ × 𝑚 × sin(𝜃1) (A.33) 

𝐶𝑒32
= 𝜃2̇ × sin(𝜃2) × (𝐿 × 𝑚 + 𝑎 × 𝑚 + 𝐿 × 𝑀𝐻) (A.34) 

𝐶𝑒33
= 0 (A.35) 

𝐶𝑒34
= 0 (A.36) 

𝐶𝑒41
= 𝑏 × 𝜃1̇ × 𝑚 × cos(𝜃1) (A.37) 

𝐶𝑒42
= −𝜃2̇ × cos(𝜃2) × (𝐿 × 𝑚 + 𝑎 × 𝑚 + 𝐿 × 𝑀𝐻 (A.38) 

𝐶𝑒43
= 0 (A.39) 

𝐶𝑒44
= 0 (A.40) 

(A.41) 𝑫𝒆𝒒𝒆̇
+ − 𝑫𝒆𝒒𝒆̇

− = 𝑭𝒆𝒙𝒕 

 

In the above equation, 𝒒𝒆̇
−

 represents the velocities before impact, and 𝒒𝒆̇
+

 represents the velocities 

after the leg's impact on the ground. 

 

(A.55) 𝑷(𝒒𝒆)  = [
𝑥 + 𝐿(𝑠𝑖𝑛(𝜃1) + 𝑠𝑖𝑛(−𝜃2))

𝑦 + 𝐿(𝑐𝑜𝑠(𝜃1) − 𝑐𝑜𝑠(−𝜃2))
] 

(A.56) 𝑬 =
𝝏

𝝏𝒒𝒆
𝑷(𝒒𝒆) 

(A.57) [
𝑫𝒆𝟒×𝟒

(−𝑬)′
𝟒×𝟐

𝑬𝟐×𝟒 𝟎𝟐×𝟐
] [

𝒒𝒆̇
+

𝟒×𝟏

𝑭𝟐×𝟏

] = [
(𝑫𝒆 × 𝒒𝒆̇

−)𝟒×𝟏

𝟎𝟐×𝟏
] 

 

(A.58) 𝒇(𝒙) = [
𝒒̇

𝑫−𝟏(−𝑪𝒒̇ − 𝑮)
] 

 


