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ABSTRACT 

 
  Cyclic human gait is simulated in this work by using a 2D 
musculoskeletal model with 12 degrees of freedom (DOF). 
Eight muscle groups are modeled on each leg. Predictive 
dynamics approach is used to predict the walking motion. In 
this process, the model predicts joints dynamics and muscle 
forces simultaneously using optimization schemes and task-
based physical constraints. The results indicated that the 
model can realistically match human motion, ground reaction 
forces (GRF), and muscle force data during walking task. The 
proposed optimization algorithm is robust and the optimal 
solution is obtained in seconds. This can be used in human 
health domain such as leg prosthesis design. 

 

1 INTRODUCTION 
 
Digital human modeling and simulation have attracted 

considerable attention in recent years with specific emphasis 
on the ability to predict human biomechanics for real-life 
applications. Many biomechanical models have been 
suggested toward this end [1-4]. There are several novel 
approaches that predict motion based on solving an 
optimization problem formulated by defining appropriate 
performance measures and constraints to recover the real 
motion of a biomechanical system [5-10]. Predictive dynamics 
(PD) [11] is one of the performance optimization methods for 
predicting and simulating human motions. This work extends 
author’s previous walk motion prediction to a 2D 
musculoskeletal model under the predictive dynamics 
framework. All predictive dynamics advantages can be 
utilized to predict muscle forces for human gait.  

  
 

Thelen et al. [12] and Thelen and Anderson [13] proposed 
the computed-muscle control (CMC) method in which the 
joint torques were obtained from feedback control and then a 
static optimization was performed to calculate muscle forces. 
Ackermann and van den Bogert [14] studied the muscle 
activation performance measure for dynamic walking motion 
prediction using a 2D musculoskeletal model. The direct 
collocation method was used to formulate the optimization 
problem in which the state variables, controls, and muscle 
activations were all treated as design variables. More work on 
muscle modeling, motion prediction using musculoskeletal 
models, and muscle functionality analyses during the dynamic 
walking motions is described in review papers [15-17].  

Our goal in this study is to simulate and analyze muscle 
forces of a 2D gait model. The symmetric walking motion 
prediction is formulated as a nonlinear optimization problem 
(NLP). The control points of the B-splines for the joint angle 
profiles and muscle force profiles are treated as the design 
variables. For the performance measure, the multi-objective 
optimization (MOO) of dynamic effort, which is represented 
as the integral of the sum of the squares of all the normalized 
joint torques and the normalized muscle force squares, is 
minimized using a sequential quadratic programming 
algorithm (SQP) [18]. Results of the optimization problem are 
the GRF, torque, joint angle, and muscle force profiles. 

 

2  SKELETAL MODEL 
 

The musculoskeletal model of this work is defined in the 
joint space with 12 DOF.  3 DOF are used for global 
translation and rotation and 9 DOF are used for the kinematics 
of the body as shown in Figure 1. The model consists of three 
physical branches and one virtual branch including global 
DOF. The physical branches include the right leg, left leg, and 
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spine. This model is developed by using Denavit-Hartenberg 
(DH) method [19]. The musculoskeletal model of lower limb 
and muscle properties were adopted from Ackermann [20] as 
seen in Figure 2. Eight muscle groups were considered on 
each leg; they are Ilio, RF, Glu, Ham, Vas, Gas, TA, and Sol. 
The anthropometric data for the skeletal model representing a 
50th percentile male is generated using GEBOD software [21]. 

 

  
Figure 1. The 2D gait model 

 
Figure 2. Musculoskeletal model of lower extremity 

3 KINEMATICS AND DYNAMICS 
 
The general equations of motion for a multi-link rigid 

body system can be written as [22]: 

     (1) 

where  is the actuator torque vector,  is the 
generalized mass-inertia matrix,  is the Coriolis and 
centrifugal force vector,  is the Jacobian matrix of the 

position vector for the center of mass of ith link,   

are the external loads (forces and moments) applied to the 
point at   (location of point on link k expressed in the local 
frame of link k), and   is the augmented Jacobian matrix of 

the position vector  . 
Because of its computational efficiency [23], recursive 

formulation is used in this work to calculate the kinematics 
and dynamics of the skeletal model. The forward kinematics 
transfers the motion from the origin towards the end-effector 
along the branch. In contrast, the backward dynamics 
propagates forces from end-effector to the origin. The joint 
torques are computed using the recursive Lagrangian 
formulation. Therefore, the computational cost is reduced to 
the order of O(n), where n is the number of DOF. In addition, 
the closed-form analytical gradients are provided for the 
kinematics and dynamics variables for use in the optimization 
process [24].  

A two-step active-passive algorithm is used to calculate 
GRF. The basic idea is to obtain GRF from the equilibrium 
conditions between the resulting active forces and GRF at zero 
moment point (ZMP) which is defined as a point on the 
ground where the tangential moments are zero. Details of the 
algorithm were provided by [25, 26] and outlined here as 
follows: 

 (1) Given state variables  , ,  (design variables) 
for each DOF, the global resultant active forces ( , ) at 
the origin in the inertial reference frame (o-xyz in Figure 1) 
are obtained from equations of motion using inverse 
dynamics. 

 (2) After that, the ZMP position is calculated from its 
definition using the global resultant active forces as follows: 

 
 𝑦𝑦𝑧𝑧𝑧𝑧𝑧𝑧 = 0; 𝑥𝑥𝑧𝑧𝑧𝑧𝑧𝑧 = 0;  𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 = −𝑀𝑀𝑥𝑥

𝑜𝑜/𝐹𝐹𝑦𝑦𝑜𝑜   (2) 
 

where   and . In 
addition, the two feet are assumed on the level ground. 

 (3) After obtaining the ZMP position, the resultant active 
forces at ZMP ( ,  ) are computed using the 
equilibrium condition as follows: 

 
        (3) 

 
where  is the ZMP position in the global coordinate 
system obtained from Eq. (2). 

 (4) Then, the value and location of GRF are calculated 
from the equilibrium between the resultant active forces and 
passive forces at the ZMP: 
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        (4) 

 
 (5) Finally, all active forces (gravity, inertia and external 

forces) and passive forces (GRF) are applied to the multibody 
human system to obtain the joint torques that are used in the 
constraints and objective function. 

 

4 OPTIMIZATION FORMULATION 
 
4.1 Design variables 
 The joint angle profiles are represented by 4th order B-
spline control points P4. The muscle force profiles are 
represented by cubic B-spline control points P3. Both joint 
angle and muscle force control points are defined as design 
variables for the walking motion as x = [P4, P3]. Joint torques 
are calculated inversely from joint angle profiles based on 
equations of motion. 
 
4.2 Objective function 
 The normalized dynamic effort, which is defined as the 
time integral of the squares of all normalized joint torques and 
the normalized muscle force squares, was chosen as the 
objective function to be minimized for walking movement: 
 

 𝑓𝑓 = ∑ ∫ �𝜏𝜏𝑖𝑖(𝐏𝐏4,𝑡𝑡)
𝜏𝜏𝑖𝑖
𝑈𝑈−𝜏𝜏𝑖𝑖

𝐿𝐿 �
2𝑇𝑇

𝑡𝑡=0
𝑛𝑛
𝑖𝑖=1 𝑑𝑑𝑑𝑑 + ∑ ∫ �𝑓𝑓𝑖𝑖(𝐏𝐏3,𝑡𝑡)

𝑓𝑓𝑖𝑖
𝑚𝑚𝑚𝑚𝑚𝑚 �

2𝑇𝑇
𝑡𝑡=0

𝑚𝑚
𝑖𝑖=1 𝑑𝑑𝑑𝑑  (5) 

 
where  τU

i  and  τL
i  are upper and lower joint torque limit for 

the ith joint; 𝑓𝑓𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚  is the maximum muscle force for the ith 
muscle; n is the number of DOF; m is the number of muscles; 
T  is the total time. 
 
4.3 Constraints 
 The general constraints are categorized into physical 
constraints and task-based constraints. Physical constraints 
include the joint angle limits, joint torque limits, muscle force 
limits, and muscle force torque equilibrium as depicted in the 
following equations:  
 
 ( )q q q≤ ≤L Ut        (6) 

 ( )τ τ τ≤ ≤L Ut        (7) 
  0 ≤ 𝒇𝒇(𝑡𝑡) ≤ 𝒇𝒇𝑚𝑚𝑚𝑚𝑚𝑚        (8) 

 𝑅𝑅𝒇𝒇(𝑡𝑡) = 𝝉𝝉        (9) 
 

where the superscript L denotes the lower bound, and U 
denotes the upper bound, R is the constant moment of arm of 
muscle forces [20]. The joint angle limits are given in Xiang et 
al. [25] and the join torque limits are given in Xiang et al. 
[27].  
 The task-based constraints being used to generate the 
symmetric gait motion include ground penetration, balance 
(ZMP) condition, feet contacting positions, ground collision 

avoidance, and symmetry conditions for joint angle and 
muscle forces [25]. 

 

5 RESULTS 
 

 The appropriate walking parameters are obtained from 
motion capture experiment [28]. The walking speed is v = 1.2 
m/s, and step length L = 0.6 m. Two strides of the simulated 
2D gait from left heel strike to the subsequent left heel strike 
is shown in Figure 3. The joint torque profiles are depicted in 
Figure 4. Figure 5 shows the predicted GRF profiles. The 
muscle forces on left leg for a gait cycle including stance 
phase and swing phase are depicted in Figure 6. The 
developed algorithm based on the predictive dynamics 
approach was robust and the optimal solution was obtained in 
about 30 seconds. 
 
 

 
Figure 3. 2D stick diagram of gait (* is ZMP) 
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(b) 

Figure 4. Joint torque profiles: (a) hip, (b) knee 
 
 
 
 
 
 

 
(a) 

 

 
(b) 

 
Figure 5. GRF in a gait cycle: (a) vertical, (b) fore-aft 

 
 

 
Figure 6. Normalized muscle forces in a gait cycle 

 

6. DISCUSSION  
 
In Figure 3, continuous 2D human walking motion is 

simulated with symmetry conditions on joint angle, velocity, 
and acceleration. Due to higher order B-spline curves are used 
to interpolate the joint angle profiles, the hip and knee torques 
in Figure 4 have similar initial and final values for a complete 
gait cycle. This is quite important for making the muscle force 
symmetry constraints feasible.  

Figure 5 shows reasonable vertical and fore-aft GRF 
compared the data available in the literature. Muscle forces in 
Figure 6 are generated to balance joint torque in an optimal 
way by minimizing the cost function Eq. (5). In this study 
muscle force squared is considered as a human performance 
measure. The predicted muscle forces show general agreement 
with the literature and more rigorous validation is required for 
muscle force prediction. 

In summary, the 2D gait motion planning problem was 
formulated as an optimization problem. Minimization of the 
torques at all joints and muscle force squares were used as the 
objective function subjected to physical and kinematics 
constraints. The transition between left and right steps is 
satisfied by imposing the symmetry constraints. Torque, joint 
angle, GRF, and muscle force profiles were obtained to 
analyze the walking motion. Optimization-based 2D gait 
prediction reveals great insights in the real human walking 
motion. For future work, muscle activations will be modeled 
using an inverse approach [29, 30] in the current optimization 
formulation. 
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