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Abstract. This paper proposes a systematic approach for predicting the support 
reaction forces (SRFs) acting on a digital human model with a given posture. In 
addition, a generic method has been developed to determine the accurate body 
segment inertia properties (BSIPs) needed for subject-specific simulation. 
Experiments based on motion capture are used to track the posture and to find 
subject’s link lengths. The prediction model calculates the support reaction 
forces by using the zero moment point (ZMP) formulation. This study considers 
two general postural cases: standing and seated. The standing tasks include 
standing on two planes with arbitrary orientations. The seated tasks include 
sitting on a seat where the seat pan is parallel to the floor and both feet are on 
the floor. 
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1   Introduction 

The advances in the field of digital human modeling (DHM) have allowed researchers 
to accurately predict human posture and motion while interacting with the 
environment. One of the major environmental interactions, and long standing 
problems in DHM, is how to predict the support reaction forces (SRF’s) for various 
standing and seated tasks without measuring them. Traditional methods used to 
determine the SRFs are based on experiments to measure these forces using forces 
plates or load cells. However, in the digital human modeling environment, it is 
impossible to measure the SRFs. Therefore, it is important to accurately predict the 
SRFs for various standing and seated tasks. To date most DHM models only have the 
capability to predict SRFs on flat ground. A lot of human tasks such as climbing stairs 
or standing on uneven terrain are not considered in currently available prediction 
models. Recent work has extended that capability to predict SRFs acting on a human 
in a seated position ignoring foot-ground contacts (Kim et al., 2009). However, most 
seated tasks include those reactions. Therefore, it is necessary for the development of 
predictions models that include these types of tasks. 

Body segment inertia properties (segment mass, centers of mass, and moments of 
inertia) are important sets of data for any type of biomechanical analysis. Any 
prediction model using human dynamics that considers human subjects instead of 
general populations needs subject-specific data including BSIPs. Consequently, it is 
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necessary to have a generic method that can estimate these data based on the subject’s 
total body stature and mass. 

The objective of this study is to predict the support reaction forces acting on a 
human in a known posture by (1) developing a method to accurately estimate the 
body segment inertia properties of specific subjects and (2) creating a prediction 
model based on the zero moment point formulation that can account for arbitrary 
support planes while standing, and for seated postures that include foot contacts.  

Recently, the static joint torques of a digital human model were calculated in Yang 
et al. (2009). Yang et al. (2009) also used the ZMP formulation and a linear 
distribution model to predict ground reaction forces on flat ground. The ZMP 
formulation can be found in Vukobratović and Borovac (2004) and Goswami et al. 
(1999). Its coincidence with the center of pressure is described in Sardain and 
Bessonet (2004). Kim et al. (2009) extended Yang et al. (2009) formulation to include 
seated reaction forces without considering foot contacts.  

Applying these methods to subject-specific models has not yet been done and, as 
mentioned, needs the addition of subject-specific body segment inertia properties. 
Dempster (1955) completed a study for the air force that served as a benchmark for 
many future studies. Since then, many linear and non-linear regression equations have 
been developed that can estimate the BSIP information given body stature and weight 
(Zatsiorski et al., 1990, Hatze et al., 1980, McConville et al., 1980, Young et al., 
1983, Niklova et al., 2007, Niklova et al., 2010). Many studies recently have 
improved the regression equations found in these studies so that they apply more to 
the general population or a specific application (de Leva, 1996, Dumas et al., 2006, 
Dumas et al., 2007). 

This paper is organized as follows. First the kinematics of the human model will be 
discussed. Next the formulation of the problem will be covered to include estimation 
of body segment inertia properties, calculation of static joint torques, the zero-
moment point formulation, and the SRF prediction model. Examples will then be 
presented and discussed. Finally conclusion and future work considerations will be 
offered.  

2   Human Model and Kinematics 

The human body can be modeled as a kinematic chain consisting of revolute joints 
representing the musculoskeletal joints and are connected by links that represent the 

bones. The vector [ ]1q
T

nq q= L  is comprised of the generalized coordinates and 

represents a unique posture. The position of the end effectors, the hands and the feet, 

are described by a vector in Cartesian space and is a function of q : 3( )x q R∈  (Yang 

et al., 2004). Since the generalized coordinates are measured about the local z axis, 
transformation matrices are needed for each degree of freedom in order to calculate 

( )x q . The transformation matrices are found through the use of the Denavit 
Hartenberg (DH) method (Denavit Hartenberg, 1955). The general form of the matrix 
can be presented by 1i

iT− . By successively multiplying these matrices together as in  
Eq. (1), the global coordinates of any point in the mechanism can be calculated. 
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Likewise, the time derivatives of Eq. (1) will provide the global velocities and 
acceleration of any point in the mechanism.    

1 2 1j j j jA T T T A T−= =L  (1)

Human model used in this study is based on the kinematics above and consists of 
55 DOF. There are 6 global DOF, 12 spinal DOF, 9 DOF in each arm, 5 DOF in the 
head and neck, and 7 DOF in each leg. 

3   Problem Formulation 

The formulations of the different aspects of this study will be covered in this section. 
The general problem is to find support reaction forces for given subject specific 
BSIPs and posture q . First the estimation methods for the BSIPs will be briefly 

introduced. Then the joint torque and ZMP will be discussed, and finally the SRF 
prediction models will be presented. 

3.1   Subject-Specific Body Segment Inertial Properties 

The body segment inertial properties of each segment need to be accurately calculated 
in order to predict or calculate accurate support reaction forces. The method in this 
study is based on studies from Dumas et al. (2006), and de Leva et al. (1996). Fig. 1. 
and Table 1 show the data collected from these studies (the moments of inertia will 
not be shown as only static postures are considered in this study). 

For segments of the body such as the thigh, shank, forearm, and upper arm, the 
data from these studies can be used directly. However, some of the data from these 
studies could not be used directly as certain parts of the body were lumped together. 
For example, it can be seen in Fig. 1. that the torso includes all spinal segments and. 
The BSIP data for these segments need to be subject to further decomposition, due to 
the nature of the human model used for simulation. 

 

Fig. 1. Center of mass percentages (de Leva et al., 1996) 

This decomposition is accomplished by transforming the 50 percentile model into a 
subject specific model. In order to illustrate this transformation, the decomposition of 
the torso will be presented. First, the mass percentage of the torso of each individual 
segment in the torso, % torso

im , must be calculated. 
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9

1

% /torso
i i i

i

m m m
=

= ∑  (2)

( )1, 2,...,9im i =  is the individual mass of each segment in the torso. Next the 

mass percentage of the total body mass of each individual segment in the torso, 
% total

im , must be found. This is calculated using the data in Table 1 . 

% % 33.3%total torso
i im m= ×  (3)

Table 1. Segment mass 

Body Segment Mass (%)
Head and Neck 6.7

Torso 33.3
Arm 2.4

Forearm 1.7
Hand 0.6
Pelvis 14.2
Thigh 12.3
Shank 4.8
Foot 1.2

 

Now the mass of the individual torso segments of any subject can be calculated 
from the subjects body mass, subjectm , recorded during the experiment.  

% total
i subject im m m= ×  (4)

The center of mass for each segment was estimated to be at 50% of the segment 
length. This brought the estimated center of mass for the whole torso very close to 
that found in Fig. 1.  

3.2   Joint Torque and ZMP 

Joint torque is realized through the backward recursive dynamic formulation (Yang et 
al., 2009). The ZMP is defined as the point on the ground in which the tipping 
moments due to the reaction forces are zero. The reaction forces at the ZMP, 

ZMPF and ZMPM , can then be calculated (Yang et al., 2009). It is important to note 
that ZMPP should coincide with the center of pressure (CoP) (Sardain and Bessonet, 
2004). And, since the postures are static, the CoP/ZMP should be a projection of the 
center of mass of the body on the ground or support plane. Because the SRF 
distribution is based on the ZMP position, human models, specifically the BSIPs and 
body segment length, are required to be subject-specific. 

3.3   Support Reaction Forces 

The support reaction force prediction model is formulated in this section. Generally, it 
is a linear distribution based on the distance between the application of the SRFs and 

ZMPP , Newton’s first law, and the angles of the support planes. The distribution 
model can be organized into two cases: the standing case (two-force distribution) and 
the seated case (four-force distribution).  
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Before the actual prediction model is presented, the application of Newton’s first 
law will be explained. Fig. 2. is schematic that shows the distribution of ZMPF  and 

ZMPM  to the two feet (
RF , 

LF , 
RM , and 

LM ) where RD and LD  are the distance 

vectors from the ZMP to the application points RP and LP . 

;
L L R R

R ZMP L ZMPx z x z
y y y yR R L L R R L L

x z x z x z x z

D D D D
F F F F

D D D D D D D D

+ +
= =

+ + + + + +
 (5)

Eq. (5) only shows the model for one component in a general two forces case but 
the method is applied for the other two components. This model provides the basis for 
all the prediction models. 

 

Fig. 2. General schematic for two-SRF distribution 

(1) General Standing Case 

The general standing case is a two force distribution between the right and left feet. 
The distribution is compensated by using cosines of the support plane angle: 
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(7)

α is the angle of the right foot support plane and β is angle of the left foot support 
plane and can be seen in Fig. 3.  

The moment vectors of the SRF are then calculated using the same distribution 
scheme. However distribution of the moment also requires the parallel axis theorem: 
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Fig. 3. Visual representation of α and β 

(2) General Seated Case 

The seated case becomes more complicated because there are four points of contact to 
which the SRF’s have to be distributed. This study only considers a seat pan parallel 
to the floor. The cosine functions used in the distribution will go to 1 as the angles are 
zero. The general template derived in (5) can still be followed, however another step 
must be added. Basically, two 2-force distribution models will be used in series. First 
the loads at the ZMP will be distributed between the seat pan and the floor. Fig. 4. 
shows the location of the points of distribution ( SPP  and FP ) for the seat pan and the 
floor, where TD  and FD  are the vectors from the ZMP to the thigh and foot 
application points, respectively. RTD , LTD , RFD , LFD  are the distance vectors 
between the intermediate application points and the end application points. These 
vectors can be seen in Fig. 4.  

The equations for the distribution are as follows: 

( )( )
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Once the loads are distributed to SPP  and FP , they can be distributed again to the 
points of contact ( RTP , LTP , RFP , and LFP ). That is accomplished through another 
two force distribution: 
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Substituting equations (9) and (10) into (11) and (12) respectively, the full 
distribution prediction model can be calculated. Application Point

inRate will be use as the 



 Predicting Support Reaction Forces for Standing and Seated Tasks 95 

template to call the intermediate distribution models for clarity, where in
uur

( 1, 2, 3i = ) 
denotes the global x y or z unit vectors, respectively. The full general prediction 
models are as follows: 

,
i i i i i i i i

RT RT SP ZMP LT LT SP ZMP

n n n n n n n n
F Rate Rate F F Rate Rate F= =uur uur uur uur uur uur uur uur  (13)

,
i i i i i i i i

RF RF F ZMP LF LF F ZMP

n n n n n n n n
F Rate Rate F F Rate Rate F= =uur uur uur uur uur uur uur uur  (14)

The moment vectors of SRF follow the same model but include the parallel axis 
theorem: 

[( ) ]
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i i i i

i i i i
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LT LT SP ZMP T LT LT
in n n n

M Rate Rate M D D F n

M Rate Rate M D D F n

= + + × ⋅

= + + × ⋅

uur uur uur uur

uur uur uur uur
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i i i i

i i i i

RF RF F ZMP F RF RF
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LF LF F ZMP F LF LF
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= + + × ⋅
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uur uur uur uur

uur
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Note that when the distance vectors are used in the distribution model, the 
magnitude is used and the direction is ignored for the numeric simplicity. 

 

Fig. 4. General schematic for the seated case 

4   Simulation Examples 

The results of the simulations are presented in this section. There are four different 
tasks applied to two different postural orientation cases. The orientation cases are: 
standing with each foot on an angled plane (uneven terrain), and seated on a ground 
parallel seat pan with feet on the ground.  

(1) Standing Case 

The support plane angles α and β were selected to be 0 and 15 degrees respectively 
for the standing case. The results for four different tasks will now be presented.  

The SRFs predicted for each of the tasks in Fig. 5 can be found below in Table 2.  
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(a) Task 1                   (b) Task 2           (c)   Task 3            (d) Task 4 

Fig. 5. Visualization of the predicted postures for each task 

Table 2. SRF for standing all Tasks 

SRF
Force Vector (N) Moment Vector (N-m)

x y z x y z

Task 1
Right Foot 0 552.005 0 16.456 0 32.989
Left Foot 0 138.841 0 4.06614 0 -43.423

Task 2
Right Foot 0 485.278 0 8.716 0 59.1513
Left Foot 0 205.569 0 12.67 0 -52.519

Task 3
Right Foot 0 122.59 0 -2.86 0 39.119
Left Foot 0 568.255 0 -1.838 0 -38.489

Task 4
Right Foot 0 219.69 0 -0.43353 0 60.275
Left Foot 0 471.15 0 14.501 0 -43.8107

 

4.1   Seated Case 

The seated case had four tasks as well but they were repositioned so that they were 
reachable from seated position. There is only one postural orientation for the seated 
case. The SRF’s for all four seated tasks are shown in Table 3.  

Table 3. SRF for all four tasks in the seated case 

SRF
Force Vector Moment Vector

x y z x y z

Task 1

Right Thigh 0 333.0565 0 -42.1194 0 20.049
Left Thigh 0 134.9282 0 -15.23 0 -24.578
Right Foot 0 155.233 0 36.79 0 26.896
Left Foot 0 67.629 0 17.84 0 -25.09

Task 2

Right Thigh 0 295.89 0 -34.22 0 28.002
Left Thigh 0 192.187 0 -19.72 0 -30.87
Right Foot 0 131.378 0 32.45 0 25.501
Left Foot 0 71.393 0 17.515 0 -25.384

Task 3

Right Thigh 0 33.675 0 -4.056 0 7.432
Left Thigh 0 420.242 0 -54.436 0 -7.739
Right Foot 0 58.429 0 14.5 0 24.858
Left Foot 0 178.5 0 42.91 0 -23.468

Task4

Right Thigh 0 28.41 0 -2.524 0 6.447
Left Thigh 0 430.22 0 -53.4322 0 -7.45
Right Foot 0 41.772 0 10.246 0 19.099
Left Foot 0 190.446 0 45.866 0 -18.251

 

4.2   Discussion 

The SRFs predicted from the simulations can all be considered logical or realistic. 
They follow the general trends that would be expected from the postural orientations 
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that were required to complete the tasks. The ZMP positions of each of the tasks were 
not shown even though the force distribution is a direct reflection its value. This data 
was not presented because of the nature of given postures. The given postures were 
found through the posture reconstruction of motion capture data. The locations of the 
feet, though realistically were identical for all tasks, were calculated to be different in 
the reconstruction because it assumes that the hip point is at the origin. This renders 
the comparison of ZMP locations between tasks ineffectual and does not reflect the 
difference in postural stability or SRF distribution across the postural orientations.  

One aspect that is important to note is the relationship between the body segment 
inertia properties and the calculated support reaction forces. For any given trial the 
summation of the vertical component of the SRF force vector provided a total force of 
690.846 N. When dividing by the acceleration of gravity, the total mass of the DHM 
is calculated to be 70.42 kg. When the subject was weighed in before the experiment, 
he registered 155 lbs or 70.32 kg. The means that the body mass of the subject was 
estimated to .142% of the actual body mass; an error that is definitely acceptable.  

5   Conclusions and Future Work 

This paper presented a method for predicting support reaction forces from known 
posture found in motion capture experimentation. Also presented was a generic 
method for determining the body segment inertia properties for specific subjects used 
in experimentation. Based on these methods, experiments in motion capture and 
simulations were run in order to test the methods presented. The SRF force predicted 
followed the general trends expected from the capture and provided realistic values. 
The body segment inertial property estimation provided a body mass with the .142% 
error. Validation for the SRF prediction model is needed to evaluate the accuracy of 
the predicted loads.  

Overall the proposed methodology presented in this paper is sound. It provides the 
ability to predict SRFs for general cases. As mentioned in the discussion portion of 
this paper, it is important to define accurate location of application for the reaction 
forces. The addition of pressure mapping system in the validation of the model 
presented in this paper would be very useful. 
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