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Abstract. Motion capture experiments are often used in coordination with digital 
human modeling to offer insight into the simulation of real-world tasks or as a 
means of validating existing simulations. However, there is a gap between the 
motion capture experiments and the simulation models, because the motion 
capture system is based on Cartesian space while the simulation models are 
based on joint space. This paper bridges the gap and presents a methodology that 
enables one to map joint angles of motion capture experiments to simulation 
models in order to obtain the same posture. The posture reconstruction method is 
an optimization-based approach where the cost function is a constant and 
constraints include (1) the distances between simulation model joint centers and 
the corresponding experimental subject joint centers are equal to zeros; (2) all 
joint angles are within joint limits. Examples are used to demonstrate the 
effectiveness of the proposed method. 
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1   Introduction 

Human modeling and simulation has gained momentum in recent years due to the 
advantages of incorporating digital human models into the design process early on. A 
new approach to design, human-centric design, focuses on the interactions between 
human beings and their environment. Recent advancements in technology enable a 
designer to first test a product in a virtual environment. Inside a virtual environment, a 
designer can subject the product to a series of virtual tests using the aid of a digital 
human. A digital human, in a general sense, is a software application that tries to 
replicate the human body in form and function. Through various virtual tests, it is 
possible for a designer to gather useful information for refining the design. Multiple 
testing scenarios incorporating digital humans of variable anthropometry are made 
possible in the digital human simulation environment. Therefore, it is a useful design 
tool, allowing a designer to stage virtual testing of a product that would have 
previously only been possible through prototype experiments. Digital human modeling 
reduces the need for prototype testing, thus saving money and reducing design times. 



70 J. Gragg, J. (James) Yang, and R. Boothby 

Motion capture experiments are often a useful aid for digital human modeling 
simulations. In a typical motion capture experiment, reflective markers are placed on a 
subject’s skin and the Cartesian position of each marker relative to the global 
coordinate system is tracked through the use of high-speed infrared cameras. As the 
subject carries out a given physical task, a history of each marker’s position is recorded 
using an array of cameras. Typical output data of a motion capture experiment includes 
the Cartesian coordinate of each of the markers.  

Motion capture experiments are often used in coordination with digital human 
modeling for enhancements of the simulation by three means. The first is that motion 
capture data often provides regression models for some commercial software such as 
Jack, Ramsis, and Safework. By capturing motion data for various subjects and tasks, a 
library of movements can be built and used to create fluid, realistic movements for 
digital humans. Combining several movements into one task can be accomplished 
rather easily and any holes in the animation can be smoothed by manipulating position, 
velocity, and acceleration profiles and interpolation. Many technical applications such 
as LifeMod, Anybody, and DI-Guy incorporate motion capture animation to simulate 
complex physical tasks such as running or dunking a basketball (Veloso et al., 2004; 
Rasmussen and Ozen, 2007; DI Guy, 2008).The second way motion capture is 
incorporated into digital human simulations is through the use of motion capture as a 
study aid for complex physical task simulations. Many physical tasks are difficult to 
model without the aid of motion capture. By studying the position, velocity, and 
acceleration profiles of a motion capture experiment, it is possible to gather useful 
information that can be incorporated into the mathematical simulations of complex 
movements. Using motion capture data often provides important details about initial 
conditions or constraints of movement. Incorporating this knowledge is often essential 
to the simulation of complex physical tasks, such as walking, running, or jumping. Zou 
et al., (2010) and Ozsoy et al., (2011) provide examples of digital human simulations 
where motion capture aids in the simulation of walking and jumping, respectively. 
Finally, the third way motion capture is used in coordination with digital human 
modeling is through validation. It is always necessary to ensure that digital human 
simulations mimic real-world scenarios closely. Otherwise, the usefulness of the 
simulation is lost. If a digital human is to be used for design of a product, the 
simulation must provide realistic results. Comparing digital human simulations to 
motion capture experiments often provides a means of validation. This paper is 
dedicated to developing a methodology map joint angles of motion capture 
experiments to simulation models in order to obtain the same posture. 

The current digital human employed by the Human-Centric Design Research 
Laboratory (HCDRL) has 49 degrees-of-freedom (DOF) based on human anatomy. 
The movement of the digital human is tied to a kinematic joint chain that represents the 
human skeletal system. Thus, a single posture is uniquely defined by a single set of real 
numbers, or joint angles. When motion capture is used as a method of validation, it is 
necessary to be able to directly compare the results of the simulation with results from 
the motion capture experiments. The experimental data obtained through motion 
capture is typically the Cartesian coordinates of the markers with respect to the global 
coordinate system. Thus, it is necessary to map the experimental data from Cartesian 
position space to joint angle space. The motion capture software has the capability to 
transfer Cartesian space to joint space, but the error is large. To better compare the 
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experimental data to simulation results, a posture reconstruction algorithm has been 
developed. Posture reconstruction involves calculating the necessary joint angles that 
will recreate the experimental posture with the digital human. Once the joint angles are 
calculated, they can be directly compared to predicted joint angles from the simulation 
of the same task or posture. Since predicting human posture is a redundant problem, 
the posture reconstruction algorithm is formulated as an optimization problem. This 
paper develops a posture reconstruction algorithm to directly compare digital human 
simulations to motion capture experimental data by mapping the experimental data 
from Cartesian space to joint space. Several examples of posture reconstruction are 
provided to demonstrate the algorithm’s effectiveness for various subjects and tasks. 

This paper is organized as follows: Section 2 describes the posture reconstruction 
formulation, Section 3 details the motion capture experiments and equipment, Section 
4 provides examples of posture reconstruction through examples of four subjects 
performing three different tasks and validation, and Section 5 contains discussion of 
the posture reconstruction algorithm and extended applications. 

2   Posture Reconstruction Formulation 

The idea behind posture reconstruction is the same as posture prediction, albeit with 
considerably more end-effectors. In a posture prediction simulation, typically only a 
human’s natural end-effectors (hands, feet, and head) are prescribed to a certain point 
in Cartesian space. Typically the other joints in the body are free to move according 
to joint limits or some other criteria. In our previous work, digital human movement is 
dictated by human performance measures, such as joint displacement, joint torque, 
musculoskeletal discomfort, visual displacement, and delta-potential energy (Yang et 
al., 2004). Posture prediction is formulated as an optimization problem with human 
performance measures serving as objective functions in the optimization problem. A 
typical posture prediction problem formulation is as follows: 

• Find:  joint angles that represent a specific posture 

• Minimize: human performance measures 
• Subject to: distance constraints on multiple end-effectors 

Human performance measures are combined into a single weighted multi-objective 
function in the multi-objective optimization (MOO) problem described by Yang et al., 
(2004). A typical posture prediction problem is described in detail as part of previous 
work (Gragg et al., 2010a). In a general sense, there are user-defined constraint 
functions and objective function(s). The objective functions, constraint functions, and 
function gradients are defined and the optimization problem is solved by SNOPT. 
SNOPT is a general purpose system that solves constrained optimization problems 
(Gill et al., 2002). The posture reconstruction algorithm expands upon the posture 
prediction formulation by adding more end-effectors in a highly-constrained 
optimization problem. 

The digital human employed by the HCDRL is controlled through movement of a 
kinematic joint chain that represents a human’s skeletal system. Deformable skin is 
attached to the skeleton to aid in visualization, but the kinematics of the digital human 
are only associated with the skeletal structure (Gragg et al., 2010b). The skeletal 
structure is constructed according to the Denavit-Hartenberg (DH) convention 
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(Denavit and Hartenberg, 1955). All joints in the chain are single DOF revolute joints 
described by a single real number, or joint angle. For the thi  joint, we associate the 
joint variable, iq , and rigidly attach a local coordinate system. Each subsequent joint 

is connected by a link of varying length. This does not cause loss of generality, as 
physical human joints with multiple associated DOFs can be represented as multiple 
DH joints connected by a link of length zero. The set of all joint angles, 

[ ]1

T n
nq q R= ∈q " , represents a specific posture. 3( ) R∈x q  is the position 

vector in Cartesian space that describes the location of an end-effector with respect to 
the global coordinate system. ( )x q  is determined using the DH method and expressed 
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is the position of the end-effector with respect to the thn  frame and n  is the 

number of DOFs. The rotational displacement iq
 

changes the value of iθ . The 

constants α , a , and d  are the DH parameters link twist, link length, and link offset 
and along with θ  are used to define the geometric relationships between the joint 

1i −  and joint i . 
In the posture reconstruction formulation, each physical joint center of the human 

body is treated as an end-effector. That is, every joint center that represents the position 
of a physical joint in the human body is prescribed to some point in Cartesian space, 
the same position of the corresponding joint center position from the motion capture 
experiment. Joints like the shoulders, clavicles, and elbows are now considered as 
“end-effectors” and thus have an associated distance constraint. Each of the following 
joint centers is an end effector: four spinal joints, two clavicle joints, two shoulder 
joints, two elbow joints, two wrist joints, two hand joints, three neck/head joints, one 
hip-point, two hip joints, two knee joints, two ankle joints, and two foot joints. Fig. 1 
shows each of the joints whose position is prescribed. 

As seen in Fig. 1, each physical joint in the human body is an end-effector. For 
joints where there are multiple DOFs, such as the hip, the first DH joint in the 
kinematic chain is the end-effector joint. There are 26 joint centers that are considered 
end-effectors. There are a total of 55 DOF for the digital human, 49 human DOF, and 
6 global DOF that describe the position and orientation of the hip point in Cartesian 
space. Since the amount of distance constraints, equal to the number of end-effectors, 
is almost half the total DOF of the system, the problem is considered highly-
constrained. Thus, for computational efficiency, there are no human performance 
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measures to minimize in the optimization formulation. The objective function is given 
as a constant with the objective gradient with respect to all angles thus being zero. 
Since there is no minimization of a human performance measure, the optimization 
solver is merely trying to find a feasible solution. If a human performance measure is 
used in the optimization problem, the computational cost of the simulation will 
increase. Digital human simulations typically strive to be as close to real-time 
simulations as possible to enhance the benefits of using digital human modeling as a 
design tool. A typical posture prediction problem can be solved in less than half a 
second, thus able to claim real-time simulation capability. The posture reconstruction 
formulation is defined as follows: 

• Find:  [ ]0 1 mx q q q= "  

• Minimize: f 1=   

• Subject to: ( ) ( ) ( )2 2 2
g , 1, ,j j x j y j zx TP y TP z TP j M= − + − + − = …  

g j ε−∞ ≤ ≤  
L U
i i iq q q≤ ≤   

where 55m = , 26M = , and .001ε = . jx , jy , and jz  are the x, y, and z position of 

the individual joint. xTP , yTP , and zTP  are the x, y, and z position of the joint’s target 

position. Since the units associated with the simulation are meters, each of the joint 
centers is required to be within 1mm of the experimental position of the joint center. 
Since all of the physical human joint centers’ positions are prescribed, the result is a 
posture that fully recreates the experimental posture. 
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Fig. 1. Important joint centers for posture reconstruction 

The output of the posture reconstruction simulation is the joint angles for the 
experimental posture. These joint angles can then be directly compared to predicted 
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joint angles from a simulation for purpose of validation. This is why the posture 
reconstruction simulation is said to map the joint angles from motion capture 
experiments to the digital human. 

3   Motion Capture Experiment 

Several technologies are available on the market that allow for measuring 3D motion 
data. Some technologies are: electromagnetic sensors, optical sensors, fiber-optic-
based sensors, and inertia sensors. The in-house motion capture system is an optical 
motion capture system that employs reflective markers and infrared cameras that 
capture the reflected light from the markers. Optical systems have proven both 
effective and efficient at collecting objective data for 3D motion analysis, as the 
systems have shown to be accurate, repeatable, and consistent (Miller et al., 2002). 
Currently, optical systems have also been employed in many applications in 
biomechanical studies (Hagio et al., 2004; Robert et al., 2005).  

The in-house motion capture system is an eight Eagle-4 camera system (Motion 
Analysis®). Each camera in the system has 4 megapixel resolution, shutter speeds 
from 0-2000 μs, focal lengths ranging from 18 mm to 52 mm, and a maximum of 500 
frames per second. The eight cameras are set up to enclose a 10 x 10 ft square envelope 
and a height of 9 ft. For position tracking, it is necessary for three cameras to see a 
marker so that the position can be triangulated in Cartesian space. Therefore, the 
cameras are set up in an array surrounding the capture volume in such a way that it is 
possible for each marker on the body to be in range of at least three cameras. 

 

Fig. 2. Marker placement protocol 

Marker placement is an important aspect of any motion capture experiment. Proper 
marker placement is essential for quality results. Several protocols have been 
introduced in the literature, with plug-in gait being a typical protocol that has been 
adopted by systems such as Motion Analysis, VICON, and Life MOD. According to 
plug-in gait protocol, markers are attached to bony landmarks on the subject’s body. 
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The physical markers are then related to joint centers by virtual markers. For instance, 
to find the joint center position of the wrist, it is necessary to place two markers on the 
end of the radius and ulna bones. The position of the joint center is then taken to be 
halfway in between these two physical markers. A virtual marker is then established in 
the software which represents the position of the joint center. Fig. 2 details the marker 
placement protocol. The total number of physical markers on the subject is 48, with 
additional markers for target points. 

The position of each joint center is approximated by using two or three physical 
markers for each important joint center. The position is approximated relative to the 
position of the real markers, so error is introduced into the system. Thus, it could 
happen that a posture captured by the motion capture experiment cannot be completely 
recreated by the digital human. In some instances the posture reconstruction algorithm 
will fail to meet the distance requirements fully, instead minimizing the error. 

4   Posture Reconstruction Examples 

Four subjects were chosen for demonstration of the posture reconstruction algorithm: 
a 5% female, two 50% males, and a 95% male. The first subject, Subject 1, is a 50% 
male subject required to perform two standing tasks, a right-hand reach and a left-
hand reach. This example demonstrates the algorithm’s capability of handling a single 
subject with multiple tasks. The second demonstration requires Subject 2, Subject 3, 
and Subject 4, a 5% female, a different 50% male, and a 95% male, respectively, to 
perform a seated reaching task. This example demonstrates the algorithm’s capability 
of handling multiple subjects with the same task. Together these examples 
demonstrate the posture reconstruction algorithm’s versatility in handling multiple 
subjects and multiple tasks. 

Subject 1 performs two standing tasks, a right-hand reach and left-hand reach. The 
subject is required to touch the same point with first the right hand and then the left 
hand without moving the feet to get closer. Fig. 3 shows the results for the right hand 
reach and left hand reach standing tasks. Table 1. compares the x, y, and z positions 
(in m) of each of the joint centers for the motion capture data and posture 
reconstruction data for the right hand reach and left hand reach standing tasks. The 
motion capture figure shows both the positions of the physical markers, depicted as 
colored dots, and the positions of the virtual markers, depicted as dark blue crosshairs. 
The colored lines represent relationships between physical markers. In order to 
distinguish individual markers, relationships are built that determine which marker is 
which based on the distance to other markers. For example, the two right elbow 
markers are about the same distance from each other throughout the entire 
experiment, so the software can distinguish these markers from the wrist markers 
based on proximity. The digital human is shown without skin in order for direct 
comparison to the motion capture view. 

The second example requires three subjects to touch a point with their right index 
finger while seated. Each subject is required to touch the same point with the chair in 
the same position for each trial. Fig. 4 shows the results for Subject 2, Subject 3, and 
Subject 4 seated tasks. Table 2 gives the difference between the x, y, and z positions 
(in m) of each of the joint centers for the motion capture data and posture 
reconstruction data for Subject 2, Subject 3, and Subject 4. 
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Fig. 3. Subject 1: (a) right hand reach- motion capture posture and reconstructed posture (b) left 
hand reach- motion capture posture and reconstructed posture 

Table 1. Motion capture vs. Posture Reconstruction- Subject 1: (a) right hand reach; (b) left 
hand reach 

 

 

Fig. 4. Seated right hand reach: (a) Subject 2- motion capture posture and reconstructed 
posture; (b) Subject 3- motion capture posture and reconstructed posture; (c) Subject 4- motion 
capture posture and reconstructed posture 

As seen in Fig. 3, the posture reconstruction algorithm is able to handle a subject 
performing a variety of tasks with high accuracy. Fig. 4 demonstrates the ability of 
the algorithm to handle multiple subjects performing the same task. Error introduced 
through the approximation of the joint centers by virtual markers accounts for slight 
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differences in the positions of the corresponding joint centers, but all joint centers fall 
within a maximum of 5 mm from the joint center positions from the motion capture 
experiments. The posture reconstruction algorithm provides a useful tool to obtain the 
joint angles from motion capture experiment corresponding to the simulation model. 

Table 2. Motion capture vs. Posture Reconstruction- Subject 2 

 

5   Conclusion 

When simulating human movement in a digital environment, it is necessary to 
validate the predicted posture or motion to ensure realistic simulations. One means of 
validation is provided by the use of motion capture experiments for comparison with 
predicted results. The current digital human simulations predict a set of joint angles 
that represents a physical posture. The in-house motion capture equipment provides 
only Cartesian coordinates of various joint centers during a task. Therefore, a posture 
reconstruction algorithm has been developed that maps the motion capture data from 
Cartesian space to joint space, allowing for direct comparison of digital human 
simulations and motion capture experiments. 

With the posture reconstruction algorithm, it is now possible to validate any future 
digital human simulations to ensure reliability. Once a particular task is simulated, a 
series of experiments can be run with subjects of varying anthropometry and the results 
can be directly compared to predicted values of joint angles. After comparison, if the 
predicted results are unacceptable, alterations can be made to the simulations, providing 
higher accuracy and realism to the digital human simulation and virtual environment. 

Future work with posture reconstruction will be dedicated to comparing the current 
algorithm with two alternate methods. The first alternate method is to incorporate a 
human performance measure such as joint displacement into the optimization 
formulation. The second alternate method is to implement a two-stage approach to 
posture reconstruction. The first stage will consist of the current algorithm. The results 
from the first stage will be used as an initial guess for the second stage. The second 
stage will incorporate a human performance measure into the optimization formulation 
as well as lowering the distance tolerance, and the initial joint angle guess will come 
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from the first stage. The three methods will be compared according to accuracy and 
run-time. Other future work includes using the newly developed algorithms to validate 
past simulations. Digital human simulations have proven useful as an aid in design, 
reducing the need for prototypes, reducing costs, and shortening design time to market. 
Validation of digital human simulations is important to ensure that the simulations 
provide realistic, reliable results. This posture reconstruction algorithm will provide a 
means to validate current and future digital human simulations at the HCDRL. 
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