Original Article
International Journal of Fuzzy Logic and Intelligent Systems
Vol. 18, No. 4, December 2018, pp. 276-283
http://doi.org/10.5391/IJFIS.2018.18.4.276

ISSN(Print) 1598-2645
ISSN(Online) 2093-744X

Analysis on Load Torque Effect for Assistive
Robotic Arms
Byoung-Ho Kim
Department of Mechatronics Engineering, Kyungsung University, Busan, Korea

Abstract
This paper analyses the load torque effect for assistive robotic arms. For the purpose, we
consider a typical assistive robotic arm delivering some loads and derive the torque effect at
the joint space of the robot arm. We also try to find the reliable torque range of each joint
for exemplary load manipulation tasks. Thus the available torque patterns and ranges of the
shoulder and elbow joints have been identified by various simulations and discussed the load
effects for the delivering tasks by assistive robotic arms. As a result, this analysis is practically
helpful for us to determine the specifications of actuators to be employed at the joint space
of humanoid, prosthetic and industrial robotic arms. It is also applicable for the purpose of
effective rehabilitation of human arms using some loads.
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Introduction

When dealing with some loads in the human space, it is desirable to use an assistive robotic
arm. Of course, it may be more advantageous to use a human arm in the case of simple tasks.
Even though a simple delivering task, it will be a hard work if a worker have to do such a
work repeatedly for a long time, and its work performance will be decreased. In particular,
it is well known as a very hard work to dealing with a heavy patient in a hospital. Thus we
need to develop a proper assistive robotic arm that can support those works. It is also an
interesting issue to research such a robotic arm for people whose arms are uncomfortable [1, 2].
Especially it is important to consider a combined motion of lifting and transferring for effective
handling of an object.
Recently, many researchers are trying to develop a humanoid robot with dexterous arms that
is applicable for various object manipulation tasks [3, 4]. Many valuable researches to design
an effective arm mechanism have been performed and their results will be of great contribution
to various object handling tasks [5, 6]. It is also remarkable that many dangerous field works
can be performed based on a coordination of human-like robotic arms and mobility [7, 8].
On the other hand, some researchers have a concern to develop an effective exoskeleton arm
mechanism for the purpose of rehabilitation or replacement of human arms [9, 10]. Some
researches on an artificial prosthetic arm are also being conducted actively for disabled persons
who have arm motions limited by accidents [11]. In this paper, we focus on the fundamental
torque characteristics of the shoulder and elbow joints of such a robotic arm that should be
carefully considered for effective load manipulation [12].
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Practically, proper selection of adequate actuators is a fundamental step in the design procedure of such a robotic arm and
plays an important role for setting the available payload. It is
because the torque requirements of all joints should be guaranteed to ensure the payload of the arm mechanism for given
tasks. Therefore it is required to confirm that the torque ranges
of all joint actuators used in the robot arm are available for the
payload expected in the work space. It is also noticeable that the
torque patterns of those joints are very important factors to get
a good performance according to the applications of the robot
arm [13]. This observation is significant in terms of biomechanical movement for effective rehabilitation of the shoulder and/or
elbow joints of human arms [12, 14]. Specifically, analysis on
the torque characteristics of the shoulder and elbow joints of a
humanoid robot arm is an interesting issue for its application to
various industrial and human works. Thus, we had a concern to
present those torque characteristics in handling an object [15].
The objective of this paper is to provide a more comprehensive analysis for effective load manipulation by using an
assistive robotic arm based on the previous work. We additionally address on the torque balance in the sequential multiple
load manipulation work and its motion effect for the purpose
of rehabilitation works. This paper is organized as follows: in
Section 2, we specify a load handling task using an assistive
robotic arm and try to derive the joint torque relations of the
robotic arm for the payload. In Section 3, we perform various
simulations to show the torque patterns and reliable ranges of
the shoulder and elbow joints. Finally, concluding remarks are
drawn in Section 4.

2.

Model of Load Handling Tasks

A load handling task by using an assistive robotic arm is modeled in this section for the purpose of analysing the load effects
at the shoulder and elbow joints, and we describe the torque relations of those joints to perform typical lifting and transferring
tasks.
Figure 1(a) shows a common handling task of some books by
a human arm. If the load is heavy, we need to use an assistive
robotic arm of a mobile manipulation system. It is well known
that the human arm can be modeled as a robotic mechanism with
seven-degrees of freedom which works in the three-dimensional
space in a natural fashion [1]. In this paper, however, we simplify it as an assistive robotic arm with three-degrees of freedom,
as shown in Figure 1(b), which is available to manipulate an
object in the two-dimensional space. It has a shoulder joint, an
277 | Byoung-Ho Kim
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Figure 1. Load handling tasks by using (a) a human arm and (b) an
assistive robotic arm.
elbow joint, and a simple gripper mechanism. So it can be used
to grasp some loads and transfer them from the place A to B, or
C in the xz-plane of Figure 1(b) by combining the motions of
the shoulder and elbow joints.
The dynamic equation of the assistive robotic arm in Figure
1(b) is generally represented by the following form at the joint
space [16]:
I ∗φφ φ̈ + φ̇T P ∗φφφ φ̇ + τφL = τφ ,

(1)

where τφ ∈ Rnφ ×1 (nφ : the degree of freedom for the arm
joints) denotes the control torque vector at the joint space. The
additional joint torque vector τφL implies the joint torque effect
influenced by the external forces and moments. The notations of
I ∗φφ and P ∗φφφ imply the effective inertia matrix and the inertia
power array, respectively, that induce the self-load effects by
the mass, m1 and m2 , of each link of the robot arm.
For an object manipulation by using such an assistive robotic
arm, it is necessary to consider not only the weight of the arm
itself, but also the additional torque effects required to support
the external loads. However, we focus on the pure joint torque
effects affected by the load of objects grasped in the hand space.
This viewpoint is very useful for evaluating the load effects in
delivering tasks by assistive robotic arms as well as in various
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exercises of rehabilitation by using some loads. So the self-load
terms in (1) have been excluded in this analysis, and thus the
torque characteristics of all joints to support the loads handled
can be effectively shown.
In fact, the control torque vector at the joint space of the
robot arm shown in Figure 1(b) can be represented by
τφ =

h

τS τE

iT

,

(2)

where τS and τE denote the shoulder and elbow joint torques,
respectively. And the additional joint torque vector can be
expressed by
τφL =

h

τSL τEL

iT

= [Ghφ ]T fH
that reflects the external load force, fH , required for handling
the loads. The two components of τSL and τEL represent the
shoulder and elbow joint torques, respectively, considering the
influence of the external load. The kinematic Jacobian matrix
relating the hand space to the joint space of the arm [Ghφ ]T is
determined by
"
[Ghφ ]T =

l1 sinθE (t) l1 cosθE (t) + l2
0
l2

#
,

(3)

where li (i = 1, 2) denotes the length parameters of the robot
arm. The parameters of θS (t) and θE (t) represent the shoulder
and elbow joint angles and those angles can be planned by the
operational trajectory desired at the hand space oH .
The external load force vector fH is given by
fH =

h

fxH (t) fyH (t)

iT

,

(4)

where the x- and y-directional force components at the hand
space, fxH (t) and fyH (t), can be determined by
fxH (t) = sin(θS (t) + θE (t))fL ,

(5)

fyH (t) = cos(θS (t) + θE (t))fL ,

(6)

fL = −mL g,

(7)

where fL denotes the load force activated by the multiple objects. The parameter of mL denotes the mass of load, and g
is the acceleration of gravity. In general, many loads can be
additionally considered in this form.
According to literatures [13, 17], the typical movement patwww.ijfis.org

terns of a load by human arms can be empirically classified as
follows: 1) vertical lifting to the z-direction in Figure 1(b), 2)
horizontal transferring to the x-direction on a constant vertical
level, 3) horizontal transferring to the y-direction on a constant
vertical level, 4) vertical lifting and horizontal transferring in a
two-dimensional space, e.g. the xz plane, and 5) general movement in the three-dimensional space. Especially, the fourth case
can be considered as a basic pattern of an object manipulation
and this pattern is commonly used for warming up of the shoulder and elbow joints of human arms in many sports activities.
To be specific, in order to deliver an object from the position A
to B in Figure 1(b), a proper combination of a lift action to the
z-axis direction and a transfer motion to the x-axis direction
is practically required. Thus we try to consider such a pattern
to identify the torque patterns and ranges of the shoulder and
elbow joints in handling some loads by using the assistive robot
arm.

3.

Simulation and Analysis

This section reveals various simulations and analyses on the
torque patterns and ranges of the shoulder and elbow joints to
support the object load handled by an assistive robotic arm.
For our simulation studies, we employed the robot arm shown
in Figure 1(b) that is maneuverable with some loads in the xz
plane. The length parameters of the upper and lower links of
the robot arm have been assigned as 0.30 m and 0.33 m, respectively by measuring the corresponding lengths of the author. For
effective identifying those torque characteristics, we performed
various simulations based on the following two scenarios: 1)
constant load handling, where the robot arm delivers a constant
load through the overall trajectory defined in the operational
space, and 2) varying load handling, where the robot arm moves
for a while under a load assigned initially, and then it has to
adapt a load change during moving to the end position. The
objective of the first scenario is to show the torque patterns and
ranges of the shoulder and elbow joints when the robot arm
transfers a constant load through the given trajectory. The second scenario is to confirm the weighting effects of those joints
as the load is varied. The point mass of each load regardless of
the shape is only considered in our simulations.
For the first scenario, a constant load of 5 kgf has been assigned. The operational trajectory of the load has been planned
based on the origin of the shoulder, and it has been classified as
two phases, lift and transfer, like the fourth pattern presented in
the previous section. The operational trajectory of the load for
Analysis on Load Torque Effect for Assistive Robotic Arms
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Table 1. Parameters for object lifting and transferring tasks
Case

Ax (m)

1

0.30

2

0.35

3

0.40

4

0.30

5

0.35

6

0.40

Az (m)

dx (m)

dz (m)

Tasks
lift up and

0.20

0.15

0.20

outward
(extension)
lift up and

0.20

-0.15

0.20

inward
(flexion)

180
150
120
90
60
30
0
-30
-60
-90
-120
-150
0

0.2 0.4 0.6 0.8

1

1.2 1.4 1.6 1.8

2

1.2 1.4 1.6 1.8

2

(a)
0.7

40

0.6
0.5

35

0.4

30

0.3
0.2

25

0.1

20

0
0.2

15
0.1
0
-0.1
-0.2

0
-0.2-0.1

0.3
0.1 0.2

0.6
0.4 0.5

10
5
0

Figure 2. Trajectory of the assistive robotic arm for the first simulation
(Case 1).
the lift phase is determined by
xH (t) = Ax ,

)
0 ≤ t ≤ 1.0.

zH (t) = Az + dz sin0.5πt,

(8)

The operational trajectory of the load for the transfer phase is
given by
)
xH (t) = Ax + dx sin0.5π(t − 1.0),
zH (t) = Az + dz ,

1.0 ≤ t ≤ 2.0. (9)

In fact, based on the trajectory planning, the object is to be
lifted from the initial z-axis position (Az ) to the z-axis direction
for one second at a fixed position of Ax on the x-axis. After that,
during the remaining one second, the object is to be transferred
from the initial x-axis position (Ax ) to the target position on the
x-axis direction while maintaining the current z-axis position.
Thus, various trajectories for such a delivering task can be
assigned by selecting those parameters of Ax , dx , Bz and dz .
For effective analysis, we assigned those parameters as Table 1.
The first task of this simulation (Case 1) is to lift and transfer
the object from the coordinate of xyz(0.3, 0.2, 0.2) to xyz(0.45,
0.2, 0.4) as shown in Figure 2 which represents the overall vestige diagram of the assistive robot arm.
279 | Byoung-Ho Kim
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0.2 0.4 0.6 0.8

1

(b)

Figure 3. Trajectories of the shoulder and elbow joints in the first
simulation (Case 1) and their torque profiles to support the load during
the lift and transfer phases. (a) Joint trajectories and (b) joint torques.

Figure 3(a) shows the resultant trajectories of the shoulder
joint (θS ) and the elbow joint (θE ) to follow the operational
trajectory of the load, It is found that the shoulder and elbow
joint angles are gradually increased in the lift phase. In the
transfer phase, the shoulder joint angle increases, but the elbow
joint angle decreases. This joint profiles can be easily identified
empirically from the motion of the human arm. The trajectory
of φH represents the orientation of the load grasped at the hand
space that means the current posture of the load. Figure 3(b)
represents the torque characteristics of the shoulder joint (τS )
and the elbow joint (τE ) required to support the load during
the lift and transfer phases. In particular, it is interestingly
remarkable that the elbow joint torque for this task is changing
for the overall trajectory to sustain the load, but the shoulder
torque is not changing especially during the lift phase. That
is, it stays at a certain level which is actually determined at
the initial state. This is actually an interesting tendency in
such a load delivering task. If the self-load terms in (1) are
simultaneously considered in this simulation, this weighting
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Figure 4. Torque profiles of the shoulder and elbow joints in the
second and third simulations. (a) Case 2 and (b) Case 3.

0.2 0.4 0.6 0.8

(b)
40
35
30

effect at the shoulder joint may not be revealed clearly.

25

In order to verify the shoulder torque’s trend found in Figure
3(b), we performed similar simulations given by the second and
third cases in Table 1. It is really an interesting point to observe
the shoulder torque value according to the starting position of
the load handled by the robot arm.

20

From Figure 4(a) and 4(b), we can find that the torque value
of the shoulder joint during the lift phase is different according to the starting position, but it stays in each constant level
keeping with the initial torque value. And the elbow joint
torque during the lift phase is mitigated gradually in the given
workspace. As a result, we can recognize that the shoulder
joint torque to support the load assigned in such a lifting task
depends on the starting position of the load, but there is no need
to consider additional torque in the process of such a vertical
motion. On the other hand, it is confirmed that both torque
values in the transfer phase for the horizontal motion tend to
be increased as the starting position is far from the origin of
shoulder. This means that more harder load can be applied to
those joints according to the distance. Specifically, it is shown
www.ijfis.org

15
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(c)

Figure 5. Torque profiles of the shoulder and elbow joints for the
motion of flextion. (a) Case 4, (b) Case 5, and (c) Case 6.

that the shoulder joint torque is more bigger than the elbow
joint torque in the extension process. This estimation is helpful
for selecting a proper size of any actuator used in the design of
such an assistive robotic arm.
The next three simulations (Cases 1-3) have been intended
to identify the torque characteristics of the shoulder and elbow joints to support the load through the motion trajectory of
flexion of such an assistive robotic arm.
Analysis on Load Torque Effect for Assistive Robotic Arms
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Figure 5(a) shows the torque characteristics of the shoulder
and elbow joints required to support the load through the fourth
trajectory. That is, the shoulder torque tends to be gradually
decreased in the horizontal inward motion compared to the
outward motion of the first simulation as shown in Figure 3(b).
Also, the torque characteristics of the shoulder and elbow joints
in the fifth and sixth simulations have been shown in Figure
5(b) and 5(c), respectively. They are very similar to the pattern
shown in Figure 5(a), but the overall shoulder torques become
more larger as the starting position of the load is far from the
origin of shoulder. It is empirically acceptable likewise the
cases of the extensional object manipulation.

40

Next, for the second scenario handling a varying load, we
reconsidered the third and sixth simulations by changing the
load condition according to time. The assigned arm motion and
the load condition are as follows. The robot arm moves for 0.6
seconds under a load of 5 kgf, and then moves for 0.8 seconds
by adding 2 kgf. After 1.4 seconds, the robot puts the added
load down and delivers the initial load to the target position.
This is actually to confirm the weighting effect of the shoulder
and elbow joints for assistive robotic delivering tasks.

35

Figure 6(a) and 6(b) show the torque characteristics of the
shoulder and elbow joints to support such a varying load through
the operational trajectories defined in the Case 3 and Case 6,
respectively. In fact, they are basically similar to the patterns
shown in Figure 4(b) and Figure 5(c), respectively, but those
torque values become larger when the additional load is involved. Thus we can check that the shoulder and elbow joint
torques to support safely the varying load should be at least
greater than 34 N·m and 21 N·m, respectively. This effort is
practically valuable for an engineer to determine the specification of any actuator in the design process of assistive robotic
arms.
Thus, in order to provide a guideline in determining a certain
sufficient joint torque range for such a load handling task, we
reconsidered the third simulation by considering various loads
based on the first scenario. It is because more larger joint torque
is required in the third extensional delivering process as shown
Figure 3(b). The minimum requirements in the torque values of
the shoulder and elbow joints to perform this task safely have
been specified in Table 2. It is remarkable that for the given
extensional task to deliver up to 10 kgf, we need to consider
at least 53.90 N·m and 32.34 N·m as an additional torque capability of the shoulder and elbow joint actuators besides their
torques for the self-load of the robot arm. This guideline is
fundamentally important for a safe object manipulation.
281 | Byoung-Ho Kim
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Figure 6. Torque profiles of the shoulder and elbow joints to support
varying load. (a) Case 3 and (b) Case 6.
Table 2. Minimum requirements in the torque values of the shoulder
and elbow joints for the given task
mL (kgf) τS (N·m) τE (N·m)

Tasks

0

0

0

Case 3

1

5.39

3.23

: extensional delivering

2

10.78

6.47

based on

3

16.17

9.70

the first scenario

4

21.56

12.94

5

26.95

16.17

6

32.34

19.40

7

37.73

22.64

8

43.12

25.87

9

48.51

29.11

10

53.90

32.34

In addition, we can see that the greater joint torques are
required as the weight of the object is larger, but their patterns
may different according to the given delivering task. This
trend can make a positive motion effect for the purpose of
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rehabilitation of human arms. That is, by using this analysis,
various operational trajectories can be tested while confirming
those joint torques according to the purpose of rehabilitation.
In this point of view, this study can give a preliminary guideline
for a rehabilitation doctor to make a proper motion effect for
effective arm rehabilitations [12].
Through the simulations, we specified the torque patterns and
ranges of the shoulder and elbow joints for typical object delivering tasks by using an assistive robotic arm. The shoulder joint
torque to support the object load is basically dependent on the
distance between the origin of the shoulder and the hand space.
For any vertical motion, however, it tends to be maintained at
a constant level determined at the initial posture. This means
that further shoulder torque is practically not necessary in the
process of such a vertical life motion. On the other hand, it is
noticeable in terms of exercise that such a vertical lift motion
does not generate additional training effect on the shoulder joint
except the initial load effect. The overall torque of the elbow
joint is also dependent on the distance, but such an effect is not
generated in the elbow motion.
As a result, in terms of design aspect, this analysis can be
applied to identify a proper torque pattern and range of each
joint of an assistive robotic arm handling an object. The specified joint torque ranges can be used for effective selection of
appropriate joint actuators for assistive robotic arms handling
an object. Also, this analysis can be applied to establish a personalized rehabilitation plan for human arms and develop a
rehabilitation or medical robotic arm [2, 18]. Of course, this
analysis can be expanded to three-dimensional works, where
the self-load of a robotic arm could be considered.

4.

arm in the design aspect. It is also confirmed that the torque
patterns and ranges of the shoulder and elbow joints can be
greatly influenced by the operating trajectory of the load and
its weight. The elbow joint torque for the given tasks has been
identified as a kind of normal pattern through the overall trajectories of the load. Its size depends on the distance between
the shoulder space and the operational space. However, the
shoulder torque pattern showed a different tendency according
to the lift phase or the transfer phase. That is, the shoulder
joint torque in the vertical lifting motion keeps the torque value
determined by the weight of the load at the initial arm posture.
On the other hand, the shoulder torque during the horizontal
transfer process becomes larger for extension or smaller for
flexion, and its level is also dependent on the distance from the
shoulder space to the operational space. This observation can
give us a guideline to plan a safe operational range for object
manipulation tasks by using assistive robotic arms. Also, in the
viewpoint of arm rehabilitation, this study is applicable for a
rehabilitation doctor to determine an adequate load for effective
training of the shoulder joint and/or the elbow joint.
Additional analysis for various tasks coordinated by two arms
will be an interesting issue.
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Concluding Remarks

This paper presented the torque characteristics of the shoulder
and elbow joints for load manipulation tasks using an assistive
robotic arm which has been modeled based on a load handling
task by human arms. Through the exemplary load delivering
tasks, we showed the available torque profiles and ranges of
those joints to support the external load at the operational space
and analysed their effects on arm motions. Also, the operating
trajectories and the weighting effect of multiple loads have been
discussed.
As a result, the available joint torque ranges of assistive
robotic arms to support the operational load can be verified
based on this analysis in advance. Thus it can be easy to determine the specification of any actuator for an assistive robotic
www.ijfis.org
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