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Abstract
Vehicle interior design directly relates to driver performance measures such as comfort, efficiency, risk of injury, and vehicle safety. A digital
human is a convenient tool for satisfying the need to reduce the design cycle in order to save time and money. This paper presents a digital human
environment, SantosTM , developed at The University of Iowa, and its assessment as applied to the interior design of a Caterpillar vehicle. The
digital human environment involves male models and accommodates a large percentage of the operator population (from the 5th percentile to
the 95th percentile). It has a user-friendly interface and includes various tools such as posture prediction, reachability check, zone differentiation,
and biomechanics assessment for the upper body and hand. The key difference from a traditional digital human environment is that Santos’s
environment is optimization-based. This can answer design questions regarding whether the operator can reach relevant controls, what the comfort
level is if one can reach the control, and what strength is required of the operator to pull a shift, etc. The illustrative example of a Caterpillar cab
is demonstrated using this digital human environment.
c 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Digital humans are increasingly being incorporated into
product design, worker environments, and driver–vehicle
systems. Current digital human models provide little feedback
for human performance measures, and it is necessary to couple
kinematics and dynamics in the same model. Therefore, in
this paper, we present a new digital human environment
where SantosTM has a real human-like appearance with
deformable skin, optimization-based posture, and dynamic
motion prediction capabilities. This environment can give
different types of feedback, such as whether Santos can reach its
target, what the discomfort level is in such a case, and the joint
actuator torques in all joints involved when SantosTM pulls a
lever. All this feedback is important for evaluating the interior
design.
To date, most digital human development has concerned
kinematic and dynamic functionality, with little attention being

paid to the appearance of the avatar. The digital human
presented in this paper has human-like appearance.
Several commercial software programs such as Jack R ,
RAMSIS R , and Safework R are available. In addition, many
studies have been conducted on different digital human
models such as SAMMIE [1], the Boeing Human Modeling
System (BHMS), Anybody [2], Dhaiba [10], and Man3D
[11]. However, all of the above-mentioned approaches or
tools involve either experimental data or the user-manipulation
of digital humans. To simulate operators engaged in the
manipulation of the tools inside the vehicle the vehicle, both
kinematics and dynamics are involved. It is thus necessary
to have a task-based digital human environment that can
couple kinematics and dynamics aspects. In this paper, we first
introduce the human representation, then describe the advanced
interface, then illustrate the assessment of a vehicle interior
design example, and finally present a conclusion.
2. Digital human representation
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The human body is arranged in series, where each
independent anatomical structure is connected to another via
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Fig. 1. Santos model.

a joint. Consider, for example, that there exists a global
coordinate system located at the waist. From that coordinate
system, one may be able to draw a branch by identifying a rigid
link, connected through a joint to another rigid link, connected
to another link and so on, until one reaches the hand. Here the
term ‘joint’ refers to a kinematic joint, instead of an anatomical
human joint. An anatomical joint may entail several kinematic
joints. For example, the anatomical shoulder joint includes
three revolute kinematic joints, while the anatomical knee joint
has only one revolute kinemtic joint. Each finger also comprises
a number of segmental links connected via joints. Similarly,
starting from the waist, one may follow the connection to
reach the head, the other hand, the left foot, and the right
foot. We shall refer to one such chain as a branch. Therefore,
the human body can be modeled as a kinematic system, a
series of links connected by rotational degrees of freedom
(DOF) that collectively represent musculoskeletal joints such
as the wrist, elbow, vertebra, or shoulder. In order to better
represent human motion, a 109-DOF model for the human body
has been developed [13–15]. Fig. 1 illustrates Santos with the
kinematic model (skeleton). In this model, the kinemtic joints
starting from the waist to the right hand have 21 DOFs and are
represented by q1 , . . . , q21 , respectively. The kinemtic joints
from left clavicle to the left hand have 9 DOFs and are described
by q22 , . . . , q30 . The kinematic joints for the neck has 5 DOFs
and is denoted by q31 , . . . , q35 .
The hands of a digital human are among the most important
parts because they are a bridge between the digital human and
the virtual world. In the Santos model, we develop a 25-DOF
hand model for one hand (i.e., two hands have total of 50

Fig. 2. Dorsal view right hand model.

DOFs). Fig. 2 only shows the right hand model. Each cylinder
represents a revolute joint. The left hand model is similar to the
right hand.
The Denavit–Hartenberg [3] method was created to
systematically represent the relation between two coordinate
systems, but was not used extensively until the early 1980s
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Table 1
Reference anthropometry for male Santos

Fig. 3. DH parameters.

with the appearance of the computational methods and
hardware that enable the necessary calculations. The method
is currently used to a great extent in the analysis and control
of robotic manipulators. This method has also been successful
in addressing human motion, in particular steps towards a
better understanding of the mechanics of human motion. The
method, now referred to as the DH method, is based upon
characterizing the configuration of link i with respect to link
(i − 1) by a (4 × 4) homogeneous transformation matrix. If
each pair of consecutive links represented by their associated
coordinate system is related via a matrix, then using the matrix
multiplication, it is possible to relate any of the segmental
links (e.g., the hand) with respect to any other segmental link
(e.g., the shoulder).
For an n-DOF model, the position vector of a point of
interest on the end-effector of a human articulated model (e.g., a
point on the thumb with respect to the global coordinate system)
attached to the waist can be written in terms of joint variables as
x = x(q)
where q ∈ Rn is a vector of n-generalized coordinates, and
x(q) can be obtained from the multiplication of the homogeneous transformation matrices defined by the DH method as
0

Rn (q) x(q)
n−1
0
0
1
Tn = T1 T2 . . .
Tn =
0
1
where i R j is the rotation matrix relating coordinate frames
i and j. The vector function x(q) characterizes the set of
all points touched by the end-effector. The four parameters
(θi , di , αi , ai ) are defined in Fig. 3 and the transformation matrix can be defined as

Avatar

Stature (mm)

Weight (kg)

Small operator (5%)
Medium operator (50%)
Large operator (95%)

1550
1715
1880

55
76.5
98

The avatar’s “skin” is comparable to an infinitely thin,
but hollow shell that defines the avatar’s shape. To visually
simulate the elasticity of human skin as the joints are exercised,
the amount of movement in the area of skin around a
particular point must be defined when those points in the skin
move during joint rotation. This is done with a traditional
animation technique called “skin weighting”, which addresses
the aesthetic issue.
To accommodate a wide range of the population, we define
different anthropometries for different-percentile operators
based on ISO 3411 [6]. Table 1 lists the basic data for three key
male percentiles: 5%, 50%, and 95%. Other body dimensions
are obtained using the scaling functions, which are based on
multivariate regression analyses of the anthropometric data.
The corresponding avatars are shown in Fig. 4.
3. Santos advanced environment
In this section, we review some advanced tools for interior
design, such as the user-friendly interface, posture prediction
and zone differentiation, and biomechanics analysis.
3.1. Interactive interface
Santos has intuitive interfaces for users [15]. These
interfaces (1) provide a communication channel between the
software core and the visualization core, (2) integrate new
research modules with current research modules; this is of
great importance when the output of one module is an input
to another module, and (3) ensure that the order of inputs
and outputs are verified and correct. Sometimes the output
from one module may be modified by another, and this
modified version is required by a third module. The interfaces
provide the user with a set of interactive menus, buttons, popup lists, editable text windows, and selection boxes that are
immediately familiar. We have developed the interface with
different areas of functionality including posture prediction
(Fig. 5), joint modifications based on anthropometric data
(Fig. 6), link-length (skeletal dimensions) modifications based
on anthropometric data (Fig. 7), workspace evaluation (Fig. 8),
dynamic motion prediction (Fig. 9), and hand link-length and
joint modifications (Figs. 10 and 11).
3.2. Posture prediction and zone differentiation

(1)
where qi = θi since all joints are revolute joints.

In Santos’s environment, the core code is an optimizationbased approach. Posture prediction is one of the core codes.
It states that given one or more locations of the end-effectors
(fingertips), one can solve the inverse kinematic problem
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Fig. 4. Different-percentile male Santos models. (a) 5th percentile (b) 50th percentile (c) 95th percentile.

Fig. 6. Joint limit interface.

Fig. 5. Posture prediction.

by optimization techniques. The formulation is described as
follows:
Find: q (joint angles).
To minimize: Human performance measures (objective
functions).

Subject to:
(1) The end-effectors can touch the corresponding target
points.
(2) Joint angles should be within the joint limits.
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Fig. 10. Scalable link length.

Fig. 7. Link-length modification.

Fig. 11. Scalable joint limit.

Fig. 8. Workspace zone differentiation.

Fig. 9. Dynamic motion prediction.

The human performance measures can be joint displacement,
musculoskeletal discomfort, vision, and potential energy. The
details are provided by Marler [8,9] and Yang et al. [12,15].

The methodology for workspace zone differentiation is
meant to predict the posture for a set of target points, which
are generated by sampling a large cube that surrounds the
workspace. The cube is sampled in three directions (x, y,
and z) according to a resolution that is determined by the
user, and creates a set of 2D planes that look like slices
inside the box. Thus every plane consists of a set of target
points that are sampled inside it. The inverse kinematics (IK)
problem is solved for each point. For every predicted posture,
corresponding human performance measure (HPM) values are
recorded. Since not all the points in the cube are expected to be
reachable, each point is checked to determine whether it lies in
the workspace (reachability check).
After the objective function values (discomfort, effort, and
joint displacement) for all the reachable points in the cube are
obtained through the posture prediction capability, the human
performance measure values are normalized according to the
global maximum of all the values that are achieved during the
computations. Based on the normalized values, each voxel is
then assigned a binary number (that lies between 00 and FF)
that reflects a gray-level value. Hence, a grayscale picture can
be visualized for each plane. It is similar to finite element
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Fig. 13. Joint-link system with external loads.

Mik , is written as follows:

"
#T 
n
X
∂ 0 T j (q)
∂ 0 T j (q)

Ij
Mik (q) =
Tr 
∂q
∂q
k
i
j=max(i,k)
Fig. 12. Flow chart of the optimization-based zone differentiation algorithm.

stress visualization. The difference is that here the different gray
levels represent the discomfort levels. Therefore, the result is a
set of pictures that reflect the zone-differentiated workspace of
each slice inside the sampled cube created earlier. A 3D view
of the zone-differentiated workspace is achieved by assembling
the resultant slices and visualizing them all at the same time.
The flow chart of the optimization-based zone differentiation
approach is shown in Fig. 12.
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3.3. Dynamic motion prediction

where Tr is the trace of a matrix, I j is an extended inertia
matrix, m i is the mass of link i, (x̄i , ȳi , z̄ i ) is the location of the
center of mass of link i expressed in terms of ith local frame,
and I x x , . . . , I x y , . . . are the moments and products of inertia
of link i with respect to the ith local frame. For simplicity, each
link is approximated as a thin rod.

To predict the motion, required torques, and energy
consumption for lever-pulling, we use the formulation
introduced by Kim [7]. The equations of motion with general
external loads were derived (the open chain system shown in
Fig. 13), and are shown below. The implementation of these
equations of motion is the key for the physics-based or dynamic
human motion simulation.

(3) V(q, q̇) is the Coriolis and centrifugal vector, which is
formulated as

n X
n
n
X
X
∂ 2 0 T j (q)
Vi (q, q̇) =
Tr 
Ij
∂qk ∂qm
k=1 m=1 j=max(i,k,m)
" 0
#T 
∂ T j (q)
 q̇k q̇m i, k, m = 1, 2, . . . , n.
×
∂qi

τ = M(q)q̈ + V(q, q̇)
X
X  −Fk 
+
JiT m i g +
JTk
+ K(q − q N ).
−Ck
i

(2)

k

Each term of the above vector–matrix form of the equations
of motion can be briefly described as follows:
(1) τ = [τ1 , τ2 , . . . , τn ]T is the joint actuator torque vector
(actuated by muscles).
(2) M(q) is a symmetric matrix that represents the mass and
inertia effects on the motion. The (i, k) element of this matrix,

(4) Jk is the Jacobian matrix of the point at k rk (4 × 1) location
vector with respect to the kth local frame as


Jk (q) = 

∂ 0 Tk (q) k
rk
∂q1

...

∂ 0 Tk (q) k
rk
∂qi

...

Z0 (q)

...

Zi−1 (q)

...


∂ 0 Tk (q) k
rk 
∂qk
.

Zk−1 (q)
6×k

(3)
Here, we take only the first three elements of the (4×1) vectors
(∂ 0 Tk (q)/∂qi ) k rk . Zi−1 represents the (3 × 1) local z-axis
vector of joint i, expressed in terms of the global coordinate
system. For JiT , it is defined by Eq. (3) with i ri , where i ri
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denotes location vector of the center of mass for link i. g is
the (6 × 1) gravity vector.
h
iT
h
iT
(5) Fk = Fxk Fyk Fzk , Ck = C xk C yk C zk , and they
represent the force and moment vectors applied to the point
at k rk (4 × 1) location with respect to the kth local frame,
respectively.
(6) The last term of the equations of motion is the restoring
torque vector τ Restoring resulting from any change in the joint
angle from the neutral position.
τ Restoring = −K(q − q N )

where q N is the vector of neutral joint angle and K is a diagonal
matrix of joint stiffness.


k1
0


..
.
(5)
K=

.
0

kn

n×n

The human metabolic energy expenditure rate is approximated
as the sum of the (absolute) mechanical power, heat rate, and
basal metabolic rate (BMR). It is approximated as
Ė Metabolic ≈

n
X

|τi (t)q̇i (t)| +

i=1

n
X

h im |τi (t)| + Ḃ.

(6)

i=1

The total amount of human metabolic energy expenditure is the
time-integration of the energy rate from time t1 to t2 :
Z t2 X
n
E Metabolic ≈
|τi (t)q̇i (t)|dt
t1

i=1

Z

t2

+
t1

n
X
i=1

Fig. 14. Contact forces and joint torques diagram.

(4)

h im |τi (t)|dt

Z

t2

Ḃdt

+

(7)

t1

where
(i = 1, . . . , n) is the generalized coefficient of the
maintenance heat at joint i. The BMR is defined as the rate at
which heat is produced by an individual in a resting state, and
is derived in [5].
We use the SNOPT software package developed by Gill
et al. [4] to run the optimization based on a sequential quadratic
programming (SQP) method. This is based on our assumption
that a human moves in such a way as to minimize certain human
performance measures, subject to several constraints.
For motion prediction, joint profiles are defined as B-Spline
curves. The optimization procedure calculates the joint angle
profiles of every joint in the form of B-Spline curves for
natural human upper-body motion. The optimization problem
for motion prediction can be stated as follows:
h im

• Find: Control points (Pi, j i = 1, . . . , m; j = 1, . . . , n).
• To minimize: Metabolic energy (E Metabolic ), P
where the
equations
of
motion
is
τ
=
M(q)
q̈
+
V(q,
q̇)
+
JiT m i g +
P T h −Fk i
Jk −Ck + K(q − q N ).
• Subject to:
– Joint limits (qiL ≤ qi ≤ qiU i = 1, . . . , n).

– Actuator torque limits (τiL ≤ τi ≤ τiU i = 1, . . . , n).
– Path constraints (kx(q(t)) − p(t)k ≤ ε).
3.4. Hand biomechanics
The musculoskeletal and grasping model for the hand is
shown in Fig. 14. The assumption for grasping is that the
contact point is at the middle point of each link. τ j represents
the joint torque vectors for finger j, where j = 1, . . . , 5, τ j =
j
j
j
[τ1 , τ2 , . . . , τn j ]T , n j denotes the total degrees of freedom for
h
iT
j
finger j, and Fk = j F kx j F ky j F kz 0 0 0 represents
the contact forces between the object and link k at the location
krk with respect to the kth local coordinate system for finger j,
where k = 1, . . . , n j .
Since the hand grasping velocity and acceleration are small,
we consider hand grasping as one static problem. Therefore,
finger joint torques will be the general static torques. The
relationship between the joint torque vector and end-effector
j
force vector Fn j for finger j is then given by
j

j

τ n j = JT (−Fn j ).

(8)
j

The joint torque vector due to the external load Fk applied at
point krk of link k is
j

j

τ k = JTk (−Fk )
where the augmented Jacobian matrix Jk corresponding
to frame k is similar to Eq. (3). From the principle of
superposition, the total joint torques due to external loads are
obtained as a sum of all joint torques, as follows:
τj =

nj
X

j

JTk (−Fk ).

(9)

k=1

4. Vehicle interior design evaluation example
A CAD model of the Caterpillar vehicle is shown in Fig. 15,
where the interior has been designed. In this study, we want to
evaluate several ergonomic aspects using the new digital human
environment, Santos, including posture prediction, reachability
check, comfort level for buttons, dynamic motion prediction,
and hand biomechanics.
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Fig. 15. A Caterpillar vehicle.

Fig. 17. Workspace zone differentiation.

Fig. 16. Posture prediction.

The first task is to check the posture for the controls. Fig. 16
shows one of the examples for posture prediction using a 95thpercentile Santos model. During design, we would like to check
a regular task for a driver: The driver holds the steering wheel
using his left hand while pushing a button on the panel with the
index finger of his right hand. Therefore, there are two target
points; one is the button on the panel for the right hand and
the other is the steering wheel for the left hand. The predicted
joint angles in radians for upper body are q1 = 0.08816, q2 =
0.234, q3 = −0.100646, q4 = −0.035195, q5 = 0.138655,
q6 = −0.089757, q7 = −0.123196, q8 = −0.025754,
q9 = −0.092642, q10 = −0.09279, q11 = −0.130051,
q12 = −0.105991, q13 = −0.00013, q14 = −0.523492,
q15 = 1.052729, q16 = 1.421713, q17 = −1.38092,
q18 = −1.139158, q19 = −0.048067, q20 = 0.16366,
q21 = −0.132037, q22 = 0.000131, q23 = −0.523294,
q24 = 1.148771, q25 = 0.450997, q26 = −1.819085,
q27 = −1.417784, q28 = 0.263092, q29 = 0.150728, q30 =
0.164638, q31 = 0.204098, q32 = 0.133143, q33 = −0.4931,
q34 = 0.275783, and q35 = −0.370443. The musculoskeletal
discomfort level is 0.0614. The musculoskeletal discomfort

Fig. 18. Dynamic motion prediction.

function [8,12] incorporates three aspects: (1) the tendency
to move towards a generally comfortable position, (2) the
tendency to avoid postures in which joint angles are pushed
to their limits, and (3) the idea that people strive to reach or
contact a point using one set of body parts at a time. For a
better design, the musculoskeletal discomfort value should be
relatively smaller.
Based on the posture prediction tool, the workspace zone
differentiation is implemented and tested for this vehicle.
Fig. 17 shows the workspace zone differentiation results while
the driver puts his feet on the pedals and has the belt on. The
results show that the points at the back of the driver are the ones
causing the most discomfort. Visually, we can test whether the
controls are inside the reach envelope, and the layout of the
buttons is based on the gray level (discomfort level) of the zone
differentiation.
The driver’s dynamic motion of pulling the transmission
lever is predicted. Fig. 18 shows that the driver uses his left
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(a) Joint profiles for q1 to q6 .

(b) Joint profiles for q7 to q12 .

(c) Joint profiles for q13 to q17 .

(d) Joint profiles for q18 to q21 .
Fig. 19. Predicted joint angle profiles for a 5 N lever-pulling motion.

hand to hold the steering wheel and pulls the lever with his
right hand. We consider the motion of pulling the transmission
lever with constant load from a given initial position to a given
final position in two seconds. The initial position of the lever is
(−30, 10, 60) (cm), and the final position of the lever is (−30,
10, 20) (cm) in the global frame. The load required to pull the
lever is given as 5 N. Using our optimization-based method, the
results are obtained in the same manner as those presented by
Kim [7]. Figs. 19–21 show the results of the predicted profiles
of the joint variables, actuator torques, and metabolic rate. Note
that since the torso, right arm and the right hand are involved
in pulling the lever, we only report the joint angles and torques
for joints q1 , . . . , q21 . The joint torques for the right hand are
discussed separately.
The total metabolic energy consumed for this task is
242.98 J. This value represents the amount of effort required
to perform this task.
While the driver pulls the lever, the contact forces between
the hand and the lever are generated by muscles in the hand. The

predicted torques for the right hand are shown in Fig. 22. This
result is a metric to check whether the hand will get injured.
5. Conclusion and future work
A new digital human environment has been presented and
implemented to evaluate the design of a vehicle interior. This
environment has demonstrated special features in terms of a
high-degree-of-freedom human model, real-time, human-like
appearance, optimization-based algorithms, and kinematics and
predictive dynamics. It was shown that this environment can
not only give a real-time posture prediction with the necessary
feedback, but can also can illustrate the workspace zone
differentiation. It was also shown that it has the biomechanics
features necessary to assess any potential injuries in the joints
related to specific tasks.
We have set up the groundwork for a complete digital human
environment that can be deployed in the design of vehicles.
Future work will include extending the upper body posture
and dynamic motion prediction presented here to the lower
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(a) Joint torques for q1 to q6 .

(b) Joint torques for q7 to q12 .

(c) Joint torques for q13 to q17 .

(d) Joint torques for q18 to q21 .
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Fig. 20. Predicted joint actuator torque profiles for a 5 N lever-pulling motion.

Fig. 21. Predicted metabolic rate profile for 5 N lever-pulling motion.
Fig. 22. Finger joint torques.

extremities to test the pedals and report the discomfort level
for the legs.
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