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Abstract

Robots with human-like appearances and structures are usually well accepted in the human-robot interaction.
However, compared with human-like appearances and structures, the human-like motion plays a much more crit-
ical role in improving the efficiency and safety of the human-robot interaction. This paper develops a human-like
motion planner based on human arm motion patterns (HAMPs) to fulfill the human-robot object handover tasks.
First, a handover task is divided into two sub-tasks, that is, pick-up and delivery, and HAMPs are extracted for these
two sub-tasks separately. The resulting HAMPs are analyzed, and a method is proposed to select HAMPs that can
represent the characteristics of the human arm motion. Then the factors affecting the duration of the movement
primitives are analyzed, and the relationship between the duration of the movement primitives and these factors
is determined. Based on the selected HAMP and the computed duration of the movement primitives, a human-
like motion planning framework is developed to generate the human-like motion for the robotic arms. Finally, this
motion planner is verified by the human—robot handover experiments using a KUKA IITWA robot. It shows that
the resulting trajectories can correctly reflect the relative relationship between the joints in the human arm motion
and are very close to the recorded human arm trajectories. Furthermore, the proposed motion planning method is
compared with the motion planning method based on minimum total potential energy. The results show that the
proposed method can generate more human-like motion.

1. Introduction

With the maturity of the robot technology, robots are gradually applied to industries, entertainment,
and other fields where the human-robot interaction is frequently preferred. These interactions require
robots to mimic humans not only in appearance and structure but also in behavior, action, and motion.
In particular, the human-like motion of robotic arms can help humans better understand and interpret
the robot’s intention, which can improve the quality of the human—robot interaction [1, 2].

The existing studies on robot human-like motion planning (HMP) can be roughly divided into three
categories: HMP based on a human arm performance measure, HMP based on imitation learning, and
HMP based on movement primitive. HMP based on a human arm performance measure uses human
arm performance measures to represent certain characteristics of the human arm motion, and then opti-
mizes these human arm performance measures to obtain robot motions similar to the human arm motion.
Examples include the hand-jerk model, based on the smoothness of the motion trajectory [3], the torque
model, based on the minimum joint torque [4], the kinetic energy and the potential energy model [5],
the time base generator model [6]. In ref. [7], the human-like end trajectory is obtained based on the
jerk model. The optimal human-like arm posture is obtained by minimizing the total potential energy. In
ref. [8], task-dependent hierarchy of spatial and postural constraints are modeled as cost functions, and
a human-like upper limb motion planner is proposed based on the cost functions. In ref. [9], the muscle

© The Author(s), 2022. Published by Cambridge University Press.

https://doi.org/10.1017/50263574722001278 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574722001278
https://orcid.org/0000-0001-5627-4156
https://orcid.org/0000-0002-4027-1206
https://orcid.org/0000-0003-0538-1466
https://doi.org/10.1017/S0263574722001278

260 Jing Zhao et al.

strength is introduced as a criterion to generate a human-like trajectory and deduced two recognition
rules of geometric configurations to realize the human-like motion. However, establishing these indica-
tors has certain subjective factors, and most focus on the trajectory of the end of the human arm. Whether
the posture of the arm imitates robot motion is not considered, and it may be complicated to obtain the
end trajectory from the index optimization and then solve the trajectory of the joints of the robot.

For the motion planning methods based on the imitation learning, a human demonstrates a certain
action, and the robot directly imitates it. In refs. [10, 11], the basic action set is established by extracting
features through multiple demonstrations, but the data dimension is high, and the versatility of the skill
transfer is poor. In ref. [12], the robotic arm’s human-like motion training is realized by using reinforce-
ment learning based on a deep deterministic policy gradient and hindsight experience replay algorithm.
In ref. [13], the biophysical characteristics of the human arm motion were integrated into the sampling-
based motion planning to generate the human-like motion. The motion planning methods based on the
imitation learning require a large enough demonstration set. When the robot performs the demonstrated
motion, it looks friendly, but when the demonstration condition changes, or it is a new task, the action
performed is too far removed from the human action. Moreover, most of these studies used the position
information to generate the robot’s human-like trajectory [14, 15].

HMP based on movement primitives has become a popular method in recent years. Giuseppe
[16, 17] extracted the principal components of the joint trajectory function as the basic movement prim-
itives through the functional principal component analysis. He reconstructed the motion trajectories of
each joint based on this. Fang [18, 19] extracted six hypotheses/rules about the human arm motion to
form an anthropomorphic arm motion language. The anthropomorphic arm motion language and move-
ment primitives together form a four-layer anthropomorphic arm HMP framework. In refs. [20, 21],
16 movement primitives are proposed to express the human arm motion, and a new HMP algorithm
is developed based on the selection, sorting, and quantification of primitives. In ref. [22], a motion
planning method based on dynamic movement primitives combined with reinforcement learning was
proposed. These methods only considered the similarity of the robot’s terminal velocity waveform and
the static arm posture to humans, but not the relative relationship between the joints in the human arm
motion. The relative motion relationship between joints in the human arm motion is significant to the
human-like performance of the robot motion and directly affects the acceptance degree of humans to
the robot in the human-robot interaction.

The human-robot object handover task is a common task in the human-robot interaction. In this work,
we study the problem of HMP for the robot object handover task. The main contributions of this work
are as follows: (1) an index named the motion pattern composite constraint similarity index (MPCSI)
is developed to select HAMP that can best represent the characteristics of the human arm motion. (2)
based on the analysis of the human arm motion, a method is proposed to determine the duration of the
movement primitives for a given task. (3) HMP framework that includes four main modules is developed
to generate the human-like motion for the robotic arms.

The remainder of this paper is organized as follows. Section 2 introduces the human arm movement
primitive and HAMP, and designs the experiment of the human arm motion data acquisition. Section 3
shows the analysis of HAMPs and the establishment of a HAMP selection method in the handover task of
the human arm. Section 4 analyzes the influencing factors of each primitive duration and the relationship
between the primitive duration and these influencing factors. Section 5 establishes HMP method based
on HAMPs. Section 6 verifies HMP method presented in this paper. Section 7 concludes this work.

2. Background
2.1. Human arm movement primitives and motion pattern

In this paper, the human arm movement primitive is introduced to express the human arm motion intu-
itively. The arm posture of the human arm can be determined by the position (P) and orientation (O)
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Figure 1. Expression of the human arm and the robotic arm motion. SWE plane is the reference plane
and perpendicular to the horizontal plane. ® is swivel angle, p and O are hand position and posture,
respectively. The human arm triangle ASWE, is shown in (a). The robotic arm triangle ASWE| is shown
in(b).

of the hand endpoint (fingertip), and the swivel angle (®). The swivel angle ® is defined as the rota-
tion angle of the arm triangle ASWE, around the virtual line SW, as shown in Fig. 1(a). The detailed
meaning of each movement primitive is shown in ref. [18]. ®(¢), P(¢), and O(¢) can completely express
the human arm motion, and are defined as the human arm movement primitive. The arm posture of the
robot arm can also be represented by the corresponding movement primitive, as shown in Fig. 1(b).

These three movement primitives are also movement primitive elements that make up other move-
ment primitives. The new movement primitive formed by these three movement primitive elements is
P, 0, PO, and ®PO. PP is abbreviated of ®(f)P(r). Other movement primitives are abbreviated
according to the same rules.

So far, seven movement primitives have been proposed. The motion meanings of these assembled
human arm movement primitives can be obtained by combining the motion meanings of three movement
primitive elements. For instance, the motion meaning of ®P is the combination of the motion meanings
of @ and P, that is, at time #, the arm triangle is rotating around the virtual axis, and the fingertip position
also changes.

The arrangement and combination of the movement primitives expressing the motion of the human
arm are defined as HAMP. For example, the primitive types of a certain motion are arranged in
chronological order as follows [23]:

PPO--- PPOPO--- PO (1
———— — —
k m
As the primitive types of the first k frames are all ®PO, and the remaining m frame primitives are

all PO. In this case, HAMP can be abbreviated to ®PO-PO. Other HAMPs are abbreviated according
to the same rules.

2.2. Generation of the human arm motion data set

The robot object handover task can be divided into two sub-tasks: pick-up and delivery. We designed
experiments to let human participants fulfill the pick-up and delivery tasks and generate a human arm
motion data set for extracting the human arm motion features. In the pick-up task, the experimental
scene setting is the same as in ref. [18]. The human arm rests on the right side of the body, as shown in
Fig. 2(a), and the target point position distribution is shown in Fig. 2(b). The distance between adjacent
points is 10 cm, and there are 108 target points in total. At the end of the pick-up task, the tip of the right
finger pointed to the marked point in Fig. 2(a). Ten participants participated in this experiment. Each
target point was repeated three times. A total of 3240 experiments were completed.
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Figure 2. The pick-up sub-task experimental scene and the target point distribution are shown in (a) and
(D), respectively. The delivery sub-task experiment scene and the starting and target points distribution
are shown in (c) and (d), respectively.

In the delivery motion, the starting position of the human arm is 10 mark points in the initial area of
Fig. 2(d), and the target position of the human arm is 15 mark points in the target area. In the experiment,
the participants are required to place their right hand naturally at the starting point and then move their
hands to the target point at a natural speed and a more comfortable rhythm befitting daily life, as shown
in Fig. 2(c). Eleven participants participated in the delivery task experiment, each participant performed
450 experiments, and a total of 4950 experiment data points were collected.

Before collecting experimental data, each participant conducted several pre-experiments to become
familiar with the experimental content. During the experiment, each participant wore motion capture
clothing that recognized arm motions. OptiTrack motion capture system collects the data of the human
arm motion of each participant at a rate of 120 Hz.

According to the definition of HAMP, HAMP extraction algorithm is as follows. (1) Extract right
arm motion data from the collected human BVH data. (2) Calculate the values of primitives ®, P, and
O in each frame of data. (3) Identify the human arm movement primitives in each frame of motion. (4)
Merge adjacent and identical primitives. (5) Generate HAMPs and record the duration of each primitive.

3. Human arm motion pattern analysis of object handover task
3.1. Extracting human arm motion patterns from the human arm motion data set

HAMPs of all experimental samples in the pick-up task and the delivery task are extracted and ana-
lyzed. The analysis results show 84 and 95 HAMPs for the pick-up and the delivery tasks, respectively.
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Table I. The Top Five HAMPs.

No. Pick-up Ratio(%) Delivery Ratio(%)
1 dPO-PO 19.31 PO-®PO-PO 17.47
2 P-®PO-PO 16.54 ®PO-PO 12.38
3 OP-OPO-PO 14.28 ®PO 10.09
4 ®PO-PO-PPO-PO 11.19 PO-®PO 9.98
5 P-®PO-PO-®PO 5.42 ®PO-PO-®PO 8.35

Table Il. Pick-up: The top five HAMPs in each phase.

No. Phase 1 Ratio(%) Phase 2 Ratio(%)
1 ®PO 4543 ®PO-PO 63.40
2 OP-®dPO 16.70 ®PO-PO-®PO-PO 18.39
3 P-®PO 14.19 ®PO-PO-®PO 4.69
4 PO-®PO 4.97 PO-®PO-PO 4.59
5 ®PO-PO-®PO 4.11 ®PO 1.59

Table I11. Delivery: The top five HAMPs in each phase.

No. Phase 1 Ratio(%) Phase 2 Ratio(%)
1 PO-®PO 36.34 ®PO-PO 41.20
2 ®PO 31.61 ®PO 25.00
3 ®PO-PO-®PO 9.22 ®PO-PO-®PO 10.71
4 ®PO-PO 5.45 ®PO-PO-®PO-PO 8.52
5 P-PO-®PO 3.63 PO-®PO-PO 3.96

The top five HAMPs in the pick-up task and the delivery task are shown in Table 1. There are more
HAMPs in the arm motion, and the frequency of each HAMP is lower.

As there are many types of HAMPs in the whole moving process, the frequency of each HAMP is
lower, and HAMPs calculated in this way are not convenient for nuanced analysis. The study shows
that the primitive P has a symmetrical bell-shaped velocity profile [3]. To make HAMP more accurately
applied to the robot’s human-like motion, the human arm point-to-point motion is divided into two
motion phases based on the speed peak of the primitive P.

HAMP of each motion phase is extracted and statistically analyzed separately. The statistical analysis
reveals 26 and 23 types of HAMPs, respectively, in the pick-up task’s first and second motion phases.
There are 16 and 21 types of HAMPs in the first and second motion phases of the delivery task, respec-
tively. Tables II and III only show the top five HAMPs of each motion phase in the two tasks. Tables II
and IIT show that there are relatively few types of HAMPs in each phase. Some HAMPs have a higher
frequency, such as ®PO-PO in phase 2 of the pick-up task. The results indicate that dividing the whole
motion into two motion phases to analyze HAMP of each motion phase is better than analyzing HAMP
of the whole motion.

3.2. Selecting the most representative human arm motion patterns

The human arm motion process is divided into two phases, and each motion phase’s HAMPs are ana-
lyzed separately to obtain representative HAMPs. However, there are still many types of HAMPs. It is
necessary to select one or two HAMPs that can represent the motion characteristics of the human arm
from among multiple HAMPs. In this section, combined with the frequency of HAMPs, the connection
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frequency of primitives, and the primitive types and the order, we propose a motion pattern composite
constraint similarity index (MPCSI) to choose HAMPs.

a) Primitive connection type: Based on the analysis of HAMPs, there are four primitive types ®PO,
®P, PO, and P, in all HAMPs. The different combinations of these four primitives form different types
of HAMPs. Therefore, the pairwise combination of these four primitives or a single primitive is defined
as the connection type of the primitives, such as ®PO-, PPO- PP, and P-.

According to the definition of the primitive connection type, the frequency calculation formula of
the primitive connection type is

ng ng

fy= ) WNf,)/ D Nk ©)
i=1 i=1

where f;; is the frequency of the j-th primitive connection type, n, is the number of HAMP types, N is
the number of the j-th connection type in the i-th HAMP, f,; is the number of the i-th HAMPs, and N,
is the number of the primitive connection types in the i-th HAMP.

b) Motion pattern composite constraint similarity index: From the definition of HAMP, it can be
seen that the primitive type and the order reflect the difference of each HAMP. The smaller the degree
of change of the primitive type and the order of different HAMPs, the higher the degree of similarity.
Inspired by the definition of string similarity [24, 25], it is proposed to use HAMP similarity index to
measure the degree of similarity of HAMP.

Suppose one of the two HAMPs is the original HAMP, s, and the other is the target HAMP, £; s is
composed of m primitives, and % is composed of n primitives. The calculation formula of the similarity
index sim(#, s) of the two HAMPs can be defined as

sim(h, 5) = "= 49 3)
n+m
where d(h, s) is the number of primitive types and sequence changes in the two HAMPs. The cost of
changing what once is 1. The total number of minimum changes can be calculated by the Levenshtein
distance algorithm [24].

HAMP similarity index considers the primitive types and the primitive order factors (internal fac-
tors) contained in HAMP. However, the influence of the frequency of HAMP and the frequency of the
primitive connection type (external factors) on the choice of HAMP is not considered.

MPCSI solved the problem that HAMP similarity did not consider the influence of HAMP and the
frequency of the primitive connection type on HAMP similarity. According to the above analysis, each
HAMP contains one or more primitive connection types, and the frequency of each primitive connection
type is different. Therefore, the frequency of the primitive connection type is introduced in HAMP
similarity to reflect the influence of the primitive connection type on HAMP selection. The frequency
of the primitive connection type is used to measure the cost of changing the primitive type and order.
The higher the frequency of the primitive connection type, the higher the cost of changing the primitive
type and order. For example, the frequency of the second phase of the delivery task primitive connection
type ®PO-®P is 0.5535, and the cost of changing the primitive connection type ®PO-PP is 0.5535.
Similarly, the higher the frequency of the target HAMP, the smaller the cost of changing the original
HAMP.

Based on the above analysis and the formula of HAMP similarity index, MPCSI formula simc(#, s)
is computed under the compound constraint of the primitive connection type frequency and HAMP
frequency:

sime(h, )= (m+n—(1=£,) Y (@f,))/(m+n) )

j=1

where n. is the number of the primitive connection type. a; =1, when the j-th primitive connection
type is changed from original HAMP to target HAMP, otherwise a; =0. m and n are the number of
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Figure 3. MPCSI values of HAMPs in the first and second phases of the pick-up task are in (a) and (b),
respectively. MPCSI values of HAMPs in the first and second phases of the delivery task are in (c) and
(d), respectively. The black boxes are the most representative HAMPs.

primitives contained in the original HAMP and the target HAMP, respectively;f, is the frequency of the
target HAMP.
Equation (4) is used to calculate MPCSI between HAMPs.

simc(hy,s,) sime(hy,s,) --- simc(hy, sg)]
Simc(hz, Sl) Simc(hz, Sz) e Simc(hz, SK)
Sm= ) ) . 5
simc(hy;, s,) simc(hg,s,) --- simc(hg, sg)

where K is the number of original HAMPs, and L is the number of target HAMPs.

Sm(hy, s)=">_ Sm(j, i)/K (6)

i=1

where ﬁ(hj, s) is the average of MPCSI between the target HAMP, £;, and all of the original HAMPs.

The developed MPCSI is employed to select HAMP of each motion phase of the pick-up task and
the delivery task. According to (6), the average value of MPCSI of HAMPs in each motion phase of
the two sub-tasks is calculated, and the results are shown in Fig. 3. The figure only shows the average
similarity value of the first six HAMPs of the calculation result. The higher the similarity value, the
higher the degree of similarity between HAMP and other HAMPs, and the more representative the
motion characteristics of the human arm.
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Figure 4. The primitive duration to the total duration ratio statistics. The horizontal axis shows the
ratio of primitive duration to the total duration. The pick-up task and delivery task are shown in (a) and
(D), respectively.

In the pick-up task, HAMP with the highest MPCSI value in the first motion phase is PO. HAMP
with the highest MPCSI value in the second motion phase is ®PO-PO. MPCSI values of other HAMPs
are relatively low. In the delivery task, HAMPs with higher MPCSI values in the first motion phase are
®PO and PO-®PO, HAMPs with higher MPCSI values in the second phase are ®PO and ®PO-PO,
and MPCSI values of the two are close. MPCSI values of other HAMPs are relatively low, as shown in
Fig. 3.

4. Determining the duration of each movement primitive element
4.1. Analyzing the affecting factors of the movement primitive duration

The ratio of the duration of primitives ®, P, and O to the motion’s total duration is defined as Ry, Rp,
and R, respectively. Figure 4 shows that R4, Rp, and R, in the pick-up and delivery tasks are analyzed,
respectively. It can be seen from the figure that in the pick-up task and delivery task, the sample number
of primitive P and O, whose duration ratio to the total duration is between 90% and 100%, is close to
the total sample number. It indicates that the duration of primitive P and O is close to the total duration.
In the pick-up task and delivery task, the experimental samples corresponding to R showed a normal
distribution, and most experimental samples ranged from 50% to 90%. It can be seen from Fig. 4(a)
and (b) that the results of the pick-up task and delivery task are the same. Based on the analysis of
HAMP and the duration of each primitive, it can be seen that the change of HAMP type is mainly
caused by the change of the duration of primitive ®.

The relationship between Ry and A® in the pick-up and delivery tasks is analyzed, as shown in
Fig. 5(a) and (b). It can be seen that R, increased with the increase of the value of A®. The relationship
between R, and A® is slightly different in the pick-up task and delivery task, but the overall trend is
consistent. The variation range of R, is about 15% in each interval of A®. At this point, if A® is used to
estimate R, the estimated primitive duration is inaccurate. The wide variation range of R, is caused by
the differences of experimental individuals, as shown in Fig. 5(c) and (d). There is a significant difference
in the variation of Ry with the change of A® between participant 1 and participant 2.

Based on the above analysis, it can be seen that the changing trend between R, and A® in the pick-
up and the delivery task is the same. R, increases with the increase of A®. However, owing to the
differences between the individuals, the value of R4 within each interval of A® varies greatly.

The individual difference is mainly reflected in the different value ranges of the primitives of the
different people, which lead to the different changes in the primitives of the same motion. Therefore,
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Figure 5. The statistical results of the relationship between Re and A® in the pick-up task and the
delivery task are in (a) and (b), respectively. The relationship between Ry and A® of participant 1 and
participant 2 is in (c) and (d), respectively.

to reduce the influence of the individual differences on the value of primitive  duration and improve
the accuracy of the estimation of the primitive ® duration, a parameter R, affecting the duration of the
primitive ® is introduced. R, is defined as

AD/D,,

AP/Py, ™

d=
where, A®= ’CDf - CI>0’ ®,, and ®; are the value of primitive at the starting point and target point,
respectively; @y, is the maximum variation range of primitive; AP= |Pf Py, and P, are the value
of primitive P at the starting point and target point, respectively; and P,,is the maximum variation range
of primitive P.

4.2. Determinate the duration of the motion primitive ®

The duration of primitive ® can be estimated by studying the law that Ry, changes with R, in the pick-up
and delivery tasks of the human arm. The variation law of R, with R, is obtained through the statis-
tical analysis of the experimental samples of the pick-up task and delivery task, as shown in Fig. 6(a)
and (d), respectively. It can be seen from Fig. 6(a) and (d) that the variation range of R, in the interval of
R, is about 5%. Compared with Fig. 5(a) and (b), the duration ratio of primitive ® has a smaller range,
and the duration of primitive ® obtained by R, is more accurate. In the pick-up and delivery tasks, the
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Figure 6. The relationship between Ry and R, in the whole moving process and the first and second
motion phases in the pick-up task is in (a), (b), and (c), respectively. The relationship between Ry and
R, in the whole moving process and the first and second motion phases in the delivery task is in (d), (e),
and (f), respectively.

variation law of Ry with R, is similar but slightly different. In the pick-up task, when R, > 1.8, the value
of Ry, is stable at (90 £ 4)%, as shown in Fig. 6(a). In the delivery task, when R, > 1.6, the value of R,
is stable at (92 £ 4)%, as shown in Fig. 6(d). The value of R4 no longer changes significantly with the
increase of the value of R;, and R, gradually tended toward 100%. That is, the duration of primitive ®
is equal to the total duration of motion.

Figure 6(b), (¢), (e), and (f), respectively, show the variation law of R4 with R, in each motion phase
of the pick-up task and the delivery task. It can be seen from Fig. 6(b) that the ratio Ry, 0f the duration
of primitive @ to the total duration in the first phase of the pick-up task is approximately equal to 1.
It shows that the duration of the primitive @ is equal to the first phase’s duration. In the second motion
phase, the ratio R, of the duration of primitive ® to the total duration increases with the increase of R,
but the maximum value of R, is about 80%, as shown in Fig. 6(c). The maximum duration of primitive
® is less than the duration of the second phase. The variation law of R, with R, is used to estimate the
duration of primitive ® in the second motion phase, as shown in Fig. 6(c).

In the first phase of the delivery task, when R, > 1.8, the value of Ry, is stable at (95 & 5)%, as
shown in Fig. 6(e). It shows that the duration of the primitive ® is equal to the first phase’s duration.
When R;, < 1.8, the duration of primitive ® is less than that of the first phase. The variation law of R4,
with Ry, is used to estimate the duration of primitive @ in the first motion phase of the delivery task, as
shown in Fig. 6(e).
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Figure 7. Motion planning framework.

In the second phase of the delivery task, when R, > 1.6, the value of Ry, is stable at (93 £ 4)%, as
shown in Fig. 6(f). That is, the duration of primitive ® at each phase is close to the total duration of the
second phase. When R, < 1.6, the duration of primitive @ is less than that of the second phase. The
variation law of R4, with R, is used to estimate the duration of primitive & in the second motion phase
of the delivery task, as shown in Fig. 6(f).

5. Human-like motion planning

Based on the extracted HAMP and the relationship between the R, and the primitive duration ratio, a new
HMP algorithm is proposed. The main idea is to determine the best human-like static arm posture at the
initial and target positions according to the initial posture and the target posture and calculate R,. HAMP
and the duration of the primitive are determined based on the relationship between R, and R,. Finally,
each primitive is quantified, and the mapping between the primitive and the joint angle is completed.
The framework of the motion planning method is shown in Fig. 7.

5.1. Calculation of parameters affecting the duration of primitives

This module is used to calculate R,;, which provides a basis for the decision-making of HAMP and
determining the duration of primitive. First, the static human-like arm posture at the starting point and
the target point is calculated, and the difference A® of the primitive ® between the starting point and
the target point is determined. Then, R, is calculated according to (7). Finally, the motion is divided into
two phases, and R, and R, are calculated for the first and the second phases according to the above
method.

5.2. Human arm motion pattern decision module

This module is used to determine HAMP during the motion. In the first phase of the pick-up task, the
primitives @, P, and O durations are close to the first phase’s duration. Therefore, HAMP in the first phase
of the pick-up task is ®PO. In the second phase of the pick-up task, the primitives p and O durations are
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Phase 2

Figure 8. HAMP decision algorithm for delivery task.

close to the second phase’s duration. But, the maximum duration of primitive ® is less than the duration
of the second phase. Therefore, HAMP in the second phase of the pick-up task is PO-PO.

In the delivery task, when R, > 1.6, HAMP of the delivery task is PPO. When R, < 1.6, the delivery
task is divided into two motion phases. When R,;; > 1.8 and R, > 1.6, the duration of the primitive &
is close to the total duration. Therefore, HAMP of the first phase and the second phase is ®PO. In the
same way, when R, < 1.8 and R, < 1.6, HAMP of the first motion phase and the second motion phase
is PO-®PO and ®PO-PO, respectively. The detailed flow of HAMP decision-making process of the
delivery motion is shown in Fig. 8.

5.3. Duration allocation module

This module contains two sub-modules, the total motion duration module, and the primitive duration
module. First, the total duration 7 is determined by Fitts’ Law [26, 27]:

T =a+ blog,(2A/W) 8)

where A is the Euclidean distance between the starting point and the target point, and W is the size of
the target. Based on the experimental device in Fig. 2, W is set to 20 mm. a and b are the undetermined
coeflicients. According to the experimental data of Section 2.2, the values of a and b are obtained by the
regression method. They are a =0.3625 and b = 0.1325, respectively.

Then, the total duration is allocated to each primitive in HAMP. From the analysis in Section 4.1, it
can be seen that the duration of the primitive P and O is equal to the total duration, so the duration of
the primitive P and O is T. The principle of the duration allocation for primitive ® is

Toy =Ro Ty (9)

Tq;.z =R¢2T2 (]O)

where T and T, are the motion duration of the first and the second phases, respectively; T is the time
corresponding to the peak velocity of the primitive P; T, =T — T,. Tg, and T4, are the motion duration
of primitive & in the first and second phases, respectively; Ry and Ry, are the ratios of the duration of
the primitive ® in the first and second phase to the duration of each phase. Their values depend on R,
and R,,, respectively.

To reflect the difference in the motion of the human arm, the values of Ry and R4, are randomly
selected within the variation range corresponding to R;; and R.
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5.4. Joint angle solving module
This module is the primitive quantization module. The primitives ®(¢), P(¢), and O(¢) can be quantified

by the following formula [21]:
b ="2 (4 2mt (11)
=—|1—-cos| —

A _ﬂ _ 2t
o) = > (1 cos( T )) (12)

P (1) = (P, — P;) (607° — 307* — 307%) /T, (13)

where Cf>(t), i’(t), and @(t) are the derivatives of ®(¢), P(¢), and O(z), respectively. Ty, T, and T, are the
duration of the primitive ®, P, and O, respectively. Ay =2(®; — ®y)/To, Py, and P, are the initial and
end values of primitive ®, respectively. A, = 2(0y — 0,)/T,, Oy, and Oy are the initial and end values of
primitive O, respectively. Py, P is the starting point and the target point position, respectively. Moreover,
t=t/T,,te[0,T,].

6. Experiment

To verify the effectiveness of the proposed HMP algorithm, the object handover experiments are con-
ducted on seven degrees of freedom (DOF) KUKA IIWA robots. At the beginning of the pick-up task,
the human arm rests on the side of the body, and the robot arm has the same initial configuration. Based
on the above information, HAMP and primitive duration are determined according to the motion plan-
ning algorithm proposed in Section 5. HAMP and the primitive duration between other initial points and
target points in the robot workspace are determined similarly. The demonstration of the proposed motion
planning method on the [TWA robotic arm proved the proposed method’s feasibility and effectiveness,
as shown in Fig. 9.

Next, the human-like degree of the proposed HMP method is evaluated and compared. In this paper,
the rapid upper limb assessment method (RULA) [28] is used to evaluate the human-like degree of robot
motion. The scoring results are shown in Fig. 10. RULA score and the changing trend of RULA score
obtained by the proposed HMP method are compared with those obtained by HMP method based on the
minimum total potential energy (MTPE) method [7]. RULA is a relatively recognized simple and easy
evaluation method. It evaluates the arm’s big arm, forearm, and wrist separately. The lower the score,
the more beneficial it is for itself and the higher the comfort level. We used RULA to score the postures
of the arm and the ITWA robotic arm. Comparing RULA score and its change trend shows the degree
of the robotic arm’s human-like motion. The closer RULA score and its change trend to the human arm
during the motion of the robotic arm, the higher the degree of the human-like motion during the motion
of the robotic arm.

To evaluate and compare the human-like degree of HMP method, the human arm and the robot
completed similar object handover tasks, namely the pick-up, and the delivery, as shown in Fig. 9. The
participant wears motion capture clothes to achieve the object handover motion. The motion capture
clothes record the motion data of the human arm at 120 Hz. Before the experiment, the participant’s arm
rests on the side of the body. The participant naturally moved his arm to grab the object during the pick-
up task. Then, the participant naturally moved his arm to the object delivery’s position (delivery task),
as shown in Fig. 9(a). [IWA robotic arm in our laboratory cannot perform the same natural drooping
posture as the human arm to complete the pick-up task. Therefore, to form a clear contrast with the human
arm object handover experiment, V-REP software is used for the simulation experiment. HMP method
proposed in this paper and HMP method based on MTPE are used to plan the robot object handover
motion, respectively. The experimental process of the object handover is shown in Fig. 9(b) and (c),
respectively. It can be seen from Fig. 9 that, in the object handover task, the robot posture based on
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Pick-up Task Delivery Task

Figure 9. The human arm object handover task is in (a). The object handover task of the robot arm
based on HMP method proposed in this paper is (b). The object handover task of the robot arm based
on MTPE human-like motion planning method is (c).

HMP method proposed in this paper is slightly different from the human arm pose. In contrast, the robot
posture based on MTPE method significantly differs from the human arm pose. Because MTPE method
to make the robot always maintain the minimum energy posture, resulting in a significant difference
from the human arm posture.

After calculating the motion data, RULA scores of the big arm, forearm and wrist when the human
arm, and the robotic arm complete the object handover task are obtained, as shown in Fig. 10(a)—(c).
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Figure 10. RULA score changes during object handover motion. RULA scores of the big arm, forearm,
and wrist of the human arm and robotic arm are in (a), (b), and (c), respectively. The total RULA score
of the human arm and robotic arm is shown in (d). The red curve shows RULA trend of the human arm.
The blue curve shows RULA change trend of the robot based on the proposed motion planning method.
The green curve shows RULA change trend of the robot based on MTPE planning method.

Figure 10(d) shows the total RULA scores of the human and the robotic arms obtained by adding the
big arm, forearm, and wrist scores. In Fig. 10, RULA scores from 0 to 300 frames are RULA scores
in the pick-up task of the human arm and robotic arm, and RULA scores from 300 to 700 frames are
RULA scores in the delivery task of the human arm and robotic arm. Figure 10 shows that for the motion
generated by the proposed algorithm, the changing trend of the robot’s RULA score and RULA score
are similar to those of the human arm. RULA scores and trends of the robot arm, forearm, and wrist are
identical to those of the human arm. It shows that HMP method proposed in this paper can achieve the
purpose of the human-like motion of the robot. For the motion generated by MTPE method, the robot’s
RULA total score and change trend are different from the human arm’s RULA total score and change
trend. In addition, RULA scores and trends of the robot arm, forearm, and wrist differ significantly from
those of the human arm, forearm, and wrist. It can be seen from RULA scoring rules that RULA scor-
ing and changing trend of the robot and human arms differ significantly due to the significant difference
between the robot posture and the human arm posture. In conclusion, the proposed HMP method is supe-
rior to MTPE method in HMP. Therefore, HMP method in this paper can help humans better understand
and interpret the robot’s intention, which can improve the quality of the human-robot interaction.
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(a)

(b)

Figure 11. The proposed motion planning method experiment is shown in (a). MTPE planning method
experiment is shown in (b).
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Figure 12. The first four joint trajectories of the proposed motion planning method are shown in (a).
The first four joint trajectories of MTPE planning method are shown in (b).

To study the influence of HAMPs on the robotic arm’s motion, the delivery task of the object handover
is computed by using the proposed method and MTPE method in ref. [7]. In the two planning methods,
the robotic arm’s initial posture is the same, and the target posture is the same, as shown in Fig. 11.

The first four joint trajectories generated by the two motion planning methods are shown in Fig. 12.
The joint trajectories obtained by the two motion planning methods are quite different. For example, the
motion trajectory of joint one obtained by MTPE motion planning method had obvious peaks, which
may be caused by the method making the robotic arm reach the MTPE as quickly as possible during the
motion. The shapes of the shadowed area between the trajectories of the joints can be used to represent
the relative relationship between the joints. For example, the shape of the shaded area formed by joints
1 and 3, in Fig. 12. Figure 12 shows that the regional shapes of the joint trajectories obtained by the
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two planning methods are significantly different. Therefore, the relative relationship between the joints
obtained by the different planning methods is also different.

7. Conclusion

The paper developed HMP method based on HAMPs for the robotic arms. By studying the human
arm motion during the object handover, MPCSI is established to select HAMPs that can represent the
motion characteristics of the arm in each motion phase of the pick-up and deliver sub-tasks. HAMPs
selected from the first and the second motion phases in the pick-up subtask are ®PO and ®PO-PO,
respectively. The first-phase HAMPs selected in the delivery subtask are PO and PO-®PO, and the
second-phase motion phase selected is PO and ®PO-PO. The studies of the primitive duration show
that the primitive P and O duration is approximately equal to the total duration. The duration of the
primitive ® increases with the increase of the parameter R, so the duration of the primitive & can be
estimated by the parameter R,. Based on the selected HAMPs and the duration of the movement prim-
itives, HMP method is established. The experimental results show that the proposed motion planning
method can generate motion very close to actual human arm motion. In future work, we will study the
human-like motion of the robot when there is an interaction force and further improve the effectiveness
and efficiency of the human—robot interaction.
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