
Volume 2 • Issue 3 • 1000110

Open AccessResearch Article

Wang and Artemiadis, Adv Robot Autom 2013, 2:3 
DOI: 10.4172/2168-9695.1000110

Keywords: Human arm kinematics; Robot arm model; Redundancy
resolution; Anthropomorphic motion

Introduction
During the last decade, robots have successfully migrated out of 

factories and academic labs and into our. Every day lives, creating new 
families of co-robots and bionics. These robots should be able to move 
and act in environments designed for humans, and more importantly 
use tools for executing tasks designed for humans. Therefore, there is 
an increasing demand of robots which can interact, communicate and 
collaborate with humans. This requires human-like behaviour, which 
will allow the human subject to be able to understand robot's intentions 
and seamlessly collaborate with the robot. Its application fields range 
widely from service robotics to therapeutic devices [1]. In order for 
the human-robot cooperation to be intuitive, the robot configurations 
should be anthropomorphic [2,3]. This is not straightforward, since the 
human arm is redundant, i.e. it has 7 degrees of freedom (DOFs), while 
only 6 DOFs are required for a given position and orientation of the 
arm endpoint. This creates a challenge for the redundant robot inverse 
kinematics that need to be solved in a similar way of that of the human 
arm, in order to guarantee seamless integration [4-6]. The exploitation 
of kinematic redundancy for the generation of human-like robot arm 
motions has been already proposed in the literature. In Cruse [7], it 
is shown that it is possible to associate some cost function to each 
human arm joint. The arm performs movements that optimize these 
cost functions. A variety of cost functions have been used to explain 
the principles of human arm motor control, such as ones related to 
dynamics [8-10], neuro-physiological and psychophysical ones [11-
13], as well as combinations of those [7,14]. However, the majority 
of these cost functions are used with global optimization methods 
which are computationally expensive and not suitable for real-time 
implementation. In [3,15], a mathematical cost functional describing 
the muscle fatigue is used to achieve human-like joint motions of a 
robot arm during writing tasks. Even though it is of a local nature, 
the applicability of this method to generate human-like manipulation 
motions is not yet clear. Human motion capture has been widely 

used for the generation of kinematic models describing human and 
humanoid robot motions [16]. There have been also efforts to generate 
human-like motion by imitating human arm motion as closely as 
possible. In Kim [17], a method to convert the captured marker data 
of human arm motions to robot motion using an optimization scheme 
is proposed. The position and orientation of the human hand, along 
with the orientation of the upper arm, were imitated by a humanoid 
robot arm.

However, this method was not able to generate human-like motions, 
given a desired three dimensional (3D) position for the robot end-
effector. Similarly, most of the previous works on biomimetic motion 
generation for robots are based on minimizing posture difference 
between the robot and human arm, using a specific recorded data set 
[18,19]. Therefore, the robot configurations are exclusively based on 
the recorded data set. In this way, the methods can not generate new 
human-like motion. The latter is a major limitation for the kinematic 
control of anthropomorphic robot arms and humanoids, because the 
range of possible configurations is limited to the ones seen in the data. 
In [4], a method is proposed to solve the inverse kinematic problem 
by defining the swivel angle, i.e. the rotation angle of the plane defined 
by the upper and lower arm around a virtual axis that connects the 
shoulder and wrist joints. However, the method is only demonstrated 
for simple tasks, i.e. natural reaching and grasping, while the method 
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Abstract
As robots are increasingly migrating out of factories and research laboratories and into our everyday lives, 

they should move and act in environments designed for humans. For this reason, the need of anthropomorphic 
movements is of utmost importance. This paper proposes a framework for solving the inverse kinematics problem 
of redundant robot arms that  results to anthropomorphic configurations. The swivel angle of the elbow is used as 
a human arm motion parameter for the robot arm to mimic. The swivel angle is defined as the rotation angle of the 
plane defined by the upper and lower arm around a virtual axis that connects the shoulder and wrist joints. Using 
kinematic data recorded from human subjects during every-day life tasks, we validate the linear relations between 
intrinsic and extrinsic coordinates of the human arm that estimates the swivel angle, given the desired end-effector 
position. Defining the desired swivel angle simplifies the kinematic redundancy of the robot arm. The proposed 
method is tested with an anthropomorphic redundant robot arm and the computed motion profiles are compared 
to the ones of the human subjects. We show that the method computes anthropomorphic configurations for the 
robot arm, even if the robot arm has different link lengths than the human arm and starts its motion at random 
configurations.
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requires the initial configuration of the human arm and the robot arm 
to be known, a feature that is not readily available in real scenarios. 
In Asfour [2], the upper arm joints values are first calculated for 
positioning the robot elbow and then the remaining joints are solved 
with closed-form inverse kinematics. Such an approach though cannot 
be easily applied to robots having a kinematic structure different 
from that of the human upper limb. There are also some biomimetic 
approaches based on the dependencies among the human joint angles 
[1,20]. In Edsinger  A [1], the authors generalized the inverse kinematic 
solution by encompassing joint limitation, singularity avoidance and 
optimum manipulability measures. However, the proposed requires the 
robot arm with similar structure of the human arm, while its iterative 
solution method is not efficient for real-time processing. In this paper 
we consider the problem of generating human-like motions from the 
kinematic point of view taking into account data recorded during a 
wide variety of everyday life tasks. We rely on a hypothesis from 
neurophysiology and apply it for generating human-like motions of a 
redundant anthropomorphic robot arm. The human arm swivel angle 
is used as a parameter for the robot arm to mimic, and the problem of 
the inverse kinematics is simplified. The linear relationship between the 
intrinsic and extrinsic coordinates was validated and used to estimate 
the desired swivel angle using previous knowledge of human arm 
motion recordings. The proposed controller is finally applied to a 7 
DOFs robot arm (LWR 4+, KUKA) for evaluation purposes.

Method
Human arm kinematics

As it shown in Figure 1, the human arm consists of a series of rigid 
links connected by three anatomical joints (shoulder joint, elbow joint, 
and wrist joint) while neglecting the scapular and clavicle motions 
[21]. In this study, 7 DoFs were analyzed for simplicity: shoulder 
exion-extension, shoulder abduction-adduction, shoulder lateral-
medial rotation, elbow exion-extension, elbow pronation-supination, 
wrist exion-extension and wrist pronation-supination, which can 
be simulated by 7 corresponding joint angles, i.e. q1, q2, q3,  q4, q5, 
q6,q7 for the human arm. The Denavit-Hartenberg (DH) parameters 
of the kinematic model of the arm that we used are listed in Table 1 
[1,20] where L1, L2, L3 are the lengths of the upper arm, forearm and 
palm respectively1. In order to track the motion of the upper limb, 
a 3D position sensor and associated positioning markers attached to 
each rigid link were used to compute the joint angles of the shoulder, 
elbow and wrist. The position and orientation of the end effector for 
the human arm can be expressed as a function of all those joint angles 
through forward kinematics.

Robot arm model
Figure 1 also shows the reference and link coordinate systems of 

the 7-DoF robot arm (LWR4+, KUKA) using the DH convention [22]. 
The values of the DH parameters are listed in Table 2, where Lu, Lf 
and Lh are the link lengths of robot upper-arm, forearm and hand 
respectively. There are several differences between the human arm and 
the robot arm:

1. The human arm has a spherical wrist ( q5, q6 and q7 axes
intersect at a single point) while the robot arm does not.

2. The length of the KUKA arm is almost twice as much as that of 
the human arm.

Reduction of number of joint variables

For  a given position and orientation of the end-effector with 

respect to the base frame, the wrist position can be easily defined. As 
shown in Figure 2, once the end-effector position and orientation are 
specified in terms of eep and  eR [ ]=e n s a , so that the homogeneous 
transformation relating the description a point in the end-effector  
frame to the description of the same point in base frame can be 
represented as

0 0 0 1
 

=  
 

eeb
e

n s a p
T    (1)

then the wrist position in the end-effector frame can be represented as 
 
 

= = 
 
 

x

we y

z

d
P d d

d

  (2)

Figure 1: Kinematic models of the Human and Robot arms.

i αi ai di θi

1 90° 0 0 q 1

2 90° 0 0 q 2 + 90°
3 90° 0 L1 q 3 + 90°
4 90° 0 0 q 4 + 180°
5 90° 0 L2 q 5 + 180°
6 90° 0 0 q 6 + 90°
7 90° L3 0 q7 + 180°

Table 1: Human arm D-H parameters.

Table 2: KUKA arm model D-H parameters.

i αi ai di θi

1 90° 0 0 q 1

2 90° 0 0 q 2

3 90° 0 Lu q 3

4 90° 0 0 q 4

5 90° 0 Lf q 5

6 90° 0 0 q 6

7 0 0 Lh q7
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Where  dx, dy, dz are the coordinates of the wrist center with respect  
to the origin of the end-effector frame. This allows direct computation 
of the wrist position with respect to the base frame given the end-
effector frame [22]. In our case, the base frame is located at the center 
of the shoulder for both arm models shown in Figure 1. Therefore, the 
position of the wrist Pw in the base frame can be found as:

1 1
   

=   
   

w web
e

P P
T   (3)

Therefore, given a desired position and orientation of the end-
effector, we split the problem into two parts:

1. Using (3) we compute the wrist position, and since the wrist
position is only a function of the first 4 joint angles (q1-q4)
we define a method to solve for those joints. This step involves
redundancy in joint angles and it is going to be solved in a way
to guarantee anthropomorphism (see Redundancy resolution
section).

2. Knowing q1-q4 and the desired position and orientation of the 
end-effector frame, we can then analytically solve for q5-q7.
Therefore, we can neglect the structure difference of these two
arms.

Redundancy resolution

There is evidence from previous works that the position of the 
elbow joint in space is an important parameter of anthropomorphism 
for arm configurations [4,2]. The redundancy of the arm is actually 
found on the first four joints, that need to position the wrist on a 3D 
position in Cartesian Space. A simple physical interpretation of the 
redundant degree of freedom is based on the observation that if the 
wrist is held fixed, the elbow is still free to swivel about a circular arc 
whose normal vector is parallel to the axis from the shoulder to the 
wrist [23]. In Veljko P (3), sP , eP  and  wP  represents the position of the 
shoulder, the elbow and the computed location of the wrist based on the 
given position and orientation of the end effector. As the swivel angle  
φ  varies, the elbow traces an arc of a circle lying on a plane which is 
perpendicular to the wrist-to-shoulder axis. In order to measureφ , we 
define the normal vector of the plane as n ,

cP  as the center of the circle 
and unit vector  u , v  as the coordinate system on the plane. Here u is 
set as the projection of an arbitrary vector  a  onto the plane and v  is 
the cross product of u  and  n .

The selection of    will determine where [ ]0 23, 4=φ . Therefore,
the position of the elbow can be represented as:

cos( ) sin ( ) = + + 


e cP R u v Pφ φ    (4)

where R is the Euclidean distance between  Pe  and cP .

The analytic expression above is an advantage when an objective 
function is used to select an appropriate value of φ since it is often 
necessary to express the objective function in terms of the joint 
angles. Once the value of  φ  is determined, the elbow position can 
be computed. With the position of the wrist and elbow, as well at the 
3D position and orientation of the rigid body of the end effector, we 
are able to analytically give a unique solution to the inverse kinematic 
problem, and therefore compute the 7 joint angles of the upper limb.

Another benefit of the swivel angle is that it is not constrained by 
the limitation of the arm length. In Hyunchul  [4], it has been proven 
that the direction of the longest axis in the manipulability ellipsoid of 

the wrist is only a function of the swivel angle. Therefore, the swivel 
angle of the robot arm should be selected close to that of the human 
arm with the same position and orientation of the end effector in order 
to maintain the manipulability which leads to an anthropomorphic 
configuration. This will be validated in the Results section.

The linear relationships between intrinsic and extrinsic 
coordinates

The idea to generate anthropomorphic robot arm motions is inspired 
by the results obtained in [24,25]. The arm movements are in shoulder-
centered spherical coordinates and there is a linear sensorimotor 
transformation model that maps the extrinsic coordinates on a natural 
arm posture using the intrinsic coordinates. The extrinsic coordinates 
are the wrist position expressed in the spherical coordinates, where R 
denotes the radial distance, χ  the azimuth, and ψ the elevation. The 
reason to choose the spherical coordinates rather than Cartesian or 
cylindrical is the former leads to a more compact representation of the 
linear relation [24]. The wrist position in the Cartesian coordinates can 
be transformed to the spherical coordinates by:

2 2 22 ( ) ( ) ( )= + +w w wR P x P y P x    (5)

( )tan ( )
( )

=
−

w

w

P z
P y

χ                   (6)

2 2

( )tan ( )
( ) ( )

=
+

w

w w

P x
P y P z

ϕ                   (7)

Where ( ), ( ) ( )w w wP x P y and P z  designate the Cartesian components 
of the wrist position with respect to the shoulder frame. The intrinsic 
coordinates consist of angles defined the upper arm elevation  ( )θ  and 
yaw ( )η  and the forearm elevation ( )α  and yaw ( )β . The elevations 
( , )θ β  define the angle between each limb segment and the vertical 
axis measured in a vertical plane. The yaw angles ( , )η α  define the 
angle between each of the limb segments and the anterior direction, 
measured in the horizontal plane, as shown in Figure 3. However, this 
linear relation has only been proven by one simple task, arm pointing 
in [24,25]. Here, we demonstrate a more accurate relationship with 
more daily life tasks (see Results section). 

Based on this linear relationship, the orientation angles of the 
upper arm and the forearm ( , , , )θ η α β can be obtained only knowing 
the wrist position ( , , )R χ ϕ . Therefore, as is shown in Figure 4, the 
elbow position in this coordinate system can be expressed as:

Figure 2: Wrist position with respect to the end-effector frame.
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( ) cos( )= −eP x U θ    (8)

( ) sin( )cos( )=−eP y U θ η                      (9)

( ) sin( ) sin( )=eP z U θ η      (10)

Where ( ), ( ) ( )e e eP x P y and P z  designate the components of the 
elbow position with respect to the shoulder frame. U represents the 
length of the upper arm.

The swivel angle can be obtained knowing the elbow position 
computed by (8,9,10) and wrist position computed by (3). Then the 
swivel angle is selected using (4):

( ). ( ).tan 2 ,
 − −

=   − − 





   

e c e c

e c e c

P P u P P va
P P P P

φ                (11)

Solution for inverse kinematic problem

Let [ ] , [ ]= =T T
e e e e w w w wP x y z P x y z be the position of the 

elbow and wrist with respect to the base frame. The position of the 
elbow is computed by (4), with the estimation of the swivel angle, using 
(11). The position of the wrist is computed using (3). Let the desired 
position and orientation of the end- effector be given by 

0 0 0 1
 

=  
 

d d d dn s a p
T               (12)

Since the position of the wrist and elbow are computed, then the 
solution for the first 4 joint angles has a

closed form which is shown below:

1 arctan 2( , )= e eq y x                  (13)

( )2 2
2 arctan 2 ( ) ( ) ,= +e e eq x y z                   (14)

3 3 1arctan 2( , )= −q M M    (15)

( )2 2
4 1 3 2 1arctan 2 ( ) ( ) ,= + −q M M M L               (16)

Where

1 1 2 1 2 2cos( )cos( ) sin( )cos( ) sin( )= +w w wM x q q y q q z q    (17)

2 1 2 1 2 2cos( )sin( ) sin( )sin( ) cos( )= w w wM x q q y q q z q               (18)

3 1 2sin( ) cos( )= +w wM x q y q                 (19)

We should note that although multiple solutions could arise, they 
are eliminated by violating the human

joint limitations. In order to solve for q5-q7, we can articulate the 
inverse kinematics problem into two sub-problems. After solving the 
inverse kinematics for q1 to q4, we can compute the transformation 
matrix from the base frame to the wrist frame, 0

4 1 2 3 4( , , , ).T q q q q  Then, 
the transformation matrix from the wrist frame to the end-effector 
frame can be computed as

(4) (4) (4) (4)

(4) (4) (4) (4)
4 0

7 5 6 7 4(4) (4) (4) (4)
( , , ) ( )

0 0 0 1

 
 
 = = 
 
  

x x x x

y y y y T

z z z z

n s a p

n s a p
T q q q T T

n s a p
   (20)

Where 

(4) (4) (4) (4) (4) (4) (4) (4) (4) (4) (4) (4), ,     = = =     
T T T

x y z x y z x y zn n n n s s s s a a a a

are the orientation vectors and (4) (4) (4) (4) =  
T

x y zp p p p  is the 

position vector of the end-effector reference system with respect to 
the one at the wrist. Since 4

7 5 6 7( , , )T q q q  is known, the joint angles  

5 6 7, ,q q q can be computed using (20). The analytical solution is given 
by:

(4) (4)
5 arctan 2( , )= y xq a a    (21)

( )(4) 2 (4) 2 (4)
6 arctan 2 ( ) ( ) ,= +y x zq a a a    (22)

(4) (4)
7 arctan 2( , )= −z zq n s                (23)

Figure 3: Coordinate frame at the center of the elbow circle and the swivel 
angle that allows the parameterization of the elbow position by a single 
variable.

Figure 4: Orientation angles of the arm and forearm. The angles θ  and η  

define the elevation and the yaw of the upper arm and β  and α  represent 
the elevation and yaw of the forearm.
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For ( )5 0,q ε π
(4) (4)

5 arctan 2( , )= − −y xq a a               (24)

( )(4) 2 (4) 2 (4)
6 arctan 2 ( ) ( ) ,= − +y x zq a a a    (25)

(4) (4)
7 arctan 2( , )= − z zq n s     (26)

For ( )5 ,0−q ε π

Results
Experiments

In order to collect data to demonstrate the linear relation of the 
orientation angles and the wrist position, as well as test the proposed 
method, we conducted experiments with three right-handed subjects 
(two male and one female). We should note that our goal is to prove 
this linear relationship works across all subjects and can be applied 
to estimate the swivel angle of the human arm for anthropomorphic 
control of the robot arm. A motion capture system with associated 
positioning markers attached to each rigid link of the human arm were 
used to compute the joint angles of the shoulder, elbow and wrist. 
Initially we demonstrated the linear relationship between the angles 
of the orientation of the upper arm and the forearm and the wrist 
position using data from a variety of daily tasks and then conducted 
separate validation tasks with the same human subjects. Six types of 
experimental tasks were selected from activities of daily living: (Type 
1) arm reaching and pointing, (Type 2)placing a water bottle in discrete 
locations, (Type 3) placing a ping-pong ball in discrete locations, (Type 
4) eating, (Type 5) face and head touching and (Type 6) writing. These
tasks are chosen from the basic Activities of Daily Life (ADLs) and each 
task lasts 20 seconds. No initial information of the configuration of the 
human arm and the robot arm is needed.

Demonstration of the linear relations

Given the elbow and wrist position of the human subjects, we can 
solve for the actual orientation angles of the upper arm and the forearm. 
The spherical coordinates of the wrist position can be computed using 
(5, 6, 7). Therefore, the optimum linear relation is chosen by:

0

min ( ( ) ( , ))−∫ act w
T

t t p dtσ σ             (27)

where T corresponds to 1=5 of total data recording time, ( )act tσ  is 
the actual angle of the orientation of the upper arm and the forearm,

( , )wt Pσ  is the estimated orientation angle as a linear function of 
Pw. The combined linear relation between the wrist position and the 
orientation angles across all tasks and subjects is shown in Figure 5 
and the statistical details are given in Table 3. However, due to the arm 
length difference of the human subjects, the relation will differ from 
subjects. In Figure 6, two types of graphical analysis are plotted. The 
mean errors for all the orientation angles are below 5 degrees across 
all subjects and tasks. It also shows that the mean errors vary from 
different tasks but are similar ( 1 )±  for different orientation angles.

Method evaluation The proposed method was used in order to control a robot arm 
(LWR4+, KUKA) to reach the desired position and orientation which 
was identical to that of the human subject during each trial. For the 
performance estimation, the mean and standard variation of the 
absolute difference between the the measured swivel angle collected 
from the subjects during the experiments and the estimated swivel 
angle of the robot arm based on the proposed criterion were calculated. 
The performance estimation results are plotted with two representative 

Figure 5: Dependence of intrinsic coordinate on extrinsic parameters across 
all tasks and subject. The vertical axis represents the actual orientation 
angles and the horizontal axis represents estimated values from the linear 
combination of target parameters which gave the best fit to the data.

Figure 6: The top plot shows the mean error with associated standard 
deviation of orientation angles ( ), , ,θ η α β  with respect to different types of 
tasks for all subject. The bottom plot shows the mean error with associated 
standard deviation with respect to different orientation angles  ( ), , ,θ η α β

.

Table 3: Linear relationship between the intrinsic and extrinsic coordinate.

I Orientation angle Linear function r2

1 θ 0.2678R+0.5735ψ+66.46 0.80
2 η -0.1516R +1.052χ +80.51 0.91
3 α 0.3248R +0.9347χ -154.7 0.95
4 β 0.1471 R-0.981 ψ +24.49 0.95
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types of tasks for all subjects. Figures 7 and 8 show the comparison 
of the human and the robot arm swivel angles for two representative 
types of tasks. In Figure 9, an analysis of the data indicates that the 
mean errors vary for different types of tasks. Here we should notice 
that due to the length difference from the end effector to the wrist, the 
wrist position of the robot arm will be slightly different from that of 
the human arm which can cause some error in the estimation of the 
swivel angle. Also, there is not any initial information for the human 
arm and the robot arm but the estimation value is still very close to the 
actual swivel angle with 11 mean error across all tasks and subjects. 
Comparing the results for Type 2 and Type 3 tasks, it implies that the 
hand orientation caused by the different types of object has affect on 
the estimation result ( Type 2 task, passing the water bottle has more 
constraints on the wrist orientation than Type 3 task, passing the ping-
pong ball). In order to show that the swivel angle is indeed a possible 
metric of anthropomorphism, we compared the human and robot arm 
configurations during the tested tasks. These are shown in Figure 10. It 
must be noted that the joint angles of the human and robot arm will be 
different due to the difference in the link lengths of the two. Despite this, 
the robot arm configurations are very similar to the ones of the human, 
proving that the swivel angle is representative of anthropomorphism 
in robot motions.

Conclusions
In this paper we consider the problem of generating human-

like motions from the kinematic point of view, taking into account 
data recorded during a wide variety of everyday life tasks. We use 
findings from neurophysiology that note the importance of the elbow 
position and orientation in anthropomorphic arm movements. The 

Figure 7: Comparison between the robot (estimated) swivel angle (dotted 
line) and the human (measured) Swivel angle (solid line) for Type 1 task 
across all subject. Rows correspond to subject 1,2,3 respectively.

Figure 8: Comparison between the robot (estimated) swivel angle (dotted 
line) and the human (measured). Swivel angle (solid line) for Type 6 task 
across all subject. Each row is from subject 1,2,3 respectively.

Figure 9: The mean error with associated standard deviation of the swivel 
angle ( )φ  with respect to types of tasks.
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swivel angle of the elbow is used as a human arm motion parameter 
for the robot arm to mimic. Using experimental data recorded from 
a human subject during every-day life tasks, we validate the linear 
relations between intrinsic and extrinsic coordinates that estimates 
the swivel angle, given the desired end-effector position. Requiring 
a desired swivel angle simplifies the kinematic redundancy of the 
robot arm. The proposed method is tested with an anthropomorphic 
redundant robot arm and the computed motion profiles are compared 
to the ones of the human subject. We show that the method computes 
anthropomorphic configurations for the robot arm, even if the robot 
arm has different link lengths than the human arm, or starts its motion 
from random configurations. The novelty of the proposed method can 
be found in two main points. First the method uses the concept that the 
positioning of the elbow joint is a decisive factor of anthropomorphic 
configurations in humans. Based on that, we define the swivel angle 
and design our inverse kinematic problem in order to provide similar 
(but not identical) robot swivel angles with those of the human during 
every-day life tasks. This results to an analytic closed-form solution of 
the inverse kinematic problem. Secondly, the method is generalizable, 
since it can be used in a wide variety of redundant robot arms, as long 
as an elbow-equivalent point is defined on the robot arm.
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