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Abstract

As the interest in, and demand for, personal and service robots increase, research stud-

ies in human-robot interaction, especially involving physical contact between robots and hu-

mans, have become increasingly important. As an example of physical human-robot interac-

tion (pHRI) research, cooperative object transport has been substantially investigated by many

researchers. However, there is a gap in studies on bimanual cooperative object transport, a car-

rying mode essential for transport of large objects.

This research investigated human-human haptic interaction during cooperative bimanual

transport of a large object. Eight pairs of human subjects, leader and follower dyads, were

instructed to carry a large object with both hands and move cooperatively in the anteropos-

terior direction. The study focused on two haptic cues, the average rate of change of force

(ARCF), and the interaction duration (tinteraction) employed by leaders and followers during

the initiation phase of object transports. A custom-designed frame mounted with a load cell

and an accelerometer was built to measure haptic interaction and transport movement in the

anteroposterior direction. The experimental data showed that the leaders employed a repetitive

ARCF during the initiation phase across trials. The other haptic cue tinteraction for followers

to respond to the leader’s initiation was also found to be repetitive. Modeling of the above-

mentioned findings was conducted. The impedance model of a human arm during the initia-

tion phase of bimanual cooperative transport was computed from the experimental data. Next,

the expected interaction duration (t̂interaction) computed by inputting the average rate of change
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of force to the impedance model was compared to the average value of the actual interaction

duration (t̄interaction) collected through the human-human study. The comparison showed that

t̂interaction was larger than t̄interaction but in a comparable range. The findings of the human-

human bimanual cooperative object transport study and subsequent modeling provide a basis

for future development of a controller for human-robot cooperative transport of a large object.
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Lay Summary

Autonomous and independent robots that lack knowledge of collaborative motion during

two-handed cooperative transport of a large object will encounter safety and efficiency issues

when performing such tasks with humans. To resolve such challenges, this thesis aims to

investigate human motion during cooperative object transport, implement it onto robots, and

finally facilitate the safe and efficient human-robot cooperative transport of a large object. This

research identified and verified force cues observed from human motion during the two-handed

cooperative object transport done by human pairs, which will enable robots to conduct such

tasks with their human partners successfully and efficiently. Specifically, this work focused

on the initiation phase of cooperative object transport in which human pairs apply the largest

force out of the entire transport sequence.
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Chapter 1

Introduction

In this chapter, a brief introduction of human-robot interaction (HRI) is presented. Liter-

ature regarding autonomous robot research and human-robot interaction research is also pre-

sented in Section 1.1. One particular topic in human-robot interaction research, cooperative

object transport, the main topic of this thesis, is discussed in Section 1.2. Inspired by previous

research, the research goals and contribution of this thesis are given in Section 1.3 and Section

1.4, respectively. Finally, the outline of this thesis is presented in Section 1.5.

1.1 Human-Robot Interaction

Until recently, there have been many studies regarding autonomous and independent robots

accomplishing various tasks, but working with limited interaction with humans [1] [2] [3]. For

example, Graf et al. [1] developed navigation and recognition algorithms for various applica-

tions such as fetch and carry or door opening tasks on the Care-O-Bot platform. Early on, the

robotics company Willow Garage demonstrated picking up and carrying tasks with the PR2

[2]. Similarly, fetch and carry tasks in large-scale environments were also facilitated by Saito

et al. as shown in Figure 1.1 [3].

Recently, demand for collaborative robots working in close interaction with humans as as-
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Figure 1.1: Work on PR2 picking an object from a fridge by Saito et al. [3].

sistants has increased rapidly. Figure 1.2 reported by the Boston Consulting Group in 2014

shows the growth of robot markets in recent years [4]. As shown in the figure, the demand for

personal robots has increased, and is expected to expand substantially, as the growth of the

entire robot market. Along with the interest in personal robots, human-robot interaction (HRI)

research regarding collaborative robot assistants has been investigated substantially [5].

There are numerous studies regarding human-robot interaction [6] [7] [8] [9] [10]. For

example, Iwamura et al. investigated the old persons’ preferences for either conversational

robot-type or typical robot-type (robots only carrying a shopping basket), and found out that

old persons prefer conversational robots as a shopping assistant [6]. Ende et al. investigated

intuitive hand gestures inspired by human behaviour, implemented the gestures onto robots,

and evaluated how well the movements of robots are recognized by humans [7]. In the same

method as Ende et al.’s study, Gleeson et al. investigated hand gestures often used in industrial
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Figure 1.2: The growth of robot markets from Boston Consulting Group 2014 [4].

settings by observing human behaviour, implemented them onto robots, and found out that

the human-inspired hand gestures by robots were well recognized by humans [8]. Moon et al.

investigated hesitation gestures of human hands, implemented the trajectories of movements

onto robots, and evaluated the effectiveness of the controller [9]. Zheng et al. found out through

her study regarding robot-to-human handovers that the head gaze of a robot gives significant

influence on the human response timing to the handover from the robot to the human [10].

These studies demonstrate the effectiveness of robot motions that are based on human-like or

human behaviour-inspired movements, particularly for collaborative tasks.

Moreover, physical interaction between humans and robots has been also investigated in
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Figure 1.3: Implementation of handshaking motions from humans onto handshaking
robot controllers [12].

numerous studies. For example, Kasuga et al. proposed a handshaking robot framework syn-

chronizing and entraining to the human hand motion and evaluated it in his study [11]. Jindai

et al. facilitated handshaking between humans and robots by investigating and implementing

human handshaking motions to robots as shown in Figure 1.3 [12]. Kim et al. identified forces

of children’s hugs using a doll with a pressure measuring system inside to enable robots to rec-

ognize the hug behaviour [13]. Chan et al. developed a handover controller inspired by human

grip forces measured during physical interaction between human dyads [14]. Haddadin and

Croft [15] reviewed numerous studies and advances regarding physical human-robot interac-

tion (pHRI). These efforts provide a precedent, and evidence for the effectiveness of investi-

gating collaborative force application using humans as proxies for robots, and then applying

models developed based on these investigations to robot controllers.

Another example of pHRI investigated by many researchers is cooperative object transport,

which is main topic of this thesis. The next section explains cooperative object transport in

detail.
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1.2 Cooperative Object Transport

This section explains a specific example of physical human-robot interaction, coopera-

tive object transport, the main topic of this thesis. As shown in Figure 1.4, cooperative object

transport is defined as a behaviour in which multiple entities transport objects collaboratively.

Cooperative object transport can be conducted in household or industrial settings (e.g., carry-

ing large and heavy furniture in a house or carrying an automobile part in a factory). Since

cooperative object transport involves physical contact between the multiple entities, as marked

with red circiles in the figure, collaborative load sharing with good communication channels

are required for them to conduct transport safely and efficiently.

In a future workplace shared by humans and robots, it is envisioned robots will partner

with humans for collaborative carrying tasks. For example, robots in industrial settings will

collaboratively bear the weight of a large payload while their human partners will guide the

direction of the payload’s motion [16]. During such tasks, robots will need to work in collab-

oration with humans in a natural, efficient and transparent manner.

Figure 1.4: Cooperative object transport by a dyad (robot size in the right picture is arbi-
trarily scaled).
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Humans can accomplish such tasks easily and instinctively through gesture or haptic cues

even without voice communications. However, autonomous and independent robots will face

safety and efficiency challenges while conducting such tasks as wide variations in motions

are expected. For example, working with position controlled robot assistants will result in

significant injuries if unexpected collisions happen between humans and rigid robot bodies.

Moreover, robots that are not designed human-friendly (i.e., without investigation and consid-

eration on human intention or preference) will result in ineffective collaborative work.

Cobots, passive robot assistants that require inputs from human operators, are built to carry

out such tasks [17] [18] [19] [20] [21] [22]. Cobots are able to work in direct contact with hu-

man operators in specific structured environments.

Cooperative object transport is often conducted in unstructured environments. Thus, in-

stead of cobots that are designed to work in pre-planned trajectory, collaborative motions dur-

ing such tasks need to be investigated and to be implemented onto robots to enable them to

conduct such tasks with humans successfully and intuitivey even in unstructured environments.

1.3 Research Goals

The challenges for robots (i.e., autonomous and independent robots without the collabo-

rative motion knowledge of cooperative object transport will face safety and efficiency issues

while conducting such tasks in physical contact with human partners) were introduced in the

previous section. Inspired by the challenges, the goal of this thesis is to investigate motions

of humans during cooperative object transport, implement them onto robot controllers, and fi-

nally enable autonomous and independent robots to accomplish such tasks with humans safely

and efficiently. In this thesis, haptic cues observed from human motions during the initiation

phase of bimanual (two-handed) cooperative object transport by a human dyad (i.e., collabo-

rative carrying of an object by two people using both hands) are investigated and evaluated to
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endow robots the collaborative behaviours required to conduct such tasks with humans suc-

cessfully and instinctively. In particular, the initiation phase of transport, which requires the

largest force application out of the entire transport sequence [23], is the focus of this work.

1.4 Contribution

Autonomous and independent robots that lack the knowledge of cooperative transport of a

large object using both hands will result in a system unable to conduct such tasks with a hu-

man partner safely and efficiently. Through this thesis, a better understanding of collaborative

movement during cooperative transport by a dyad are identified and verified.

1.5 Thesis Outline

Chapter 1 introduced a brief background of human-robot interaction (HRI) research. In

particular, literature about autonomous and independent robots working with limited interac-

tion with humans, recent increasing demand for personal and service robots and increasing

interest in HRI research along with the demand, various studies about HRI research, and lastly

literature about physical human-robot interaction (pHRI) as one specific field of HRI, were

described. Moreover, cooperative object transport as an example of pHRI, which is the main

topic of this thesis, was explained in detail. Definition of cooperative object transport, chal-

lenges for robots to accomplish cooperative object transport, cobots that can conduct such

tasks in structured environments, and the reason why the investigation of collaborative motion

is needed for cooperative object transport instead of cobots are explained. Lastly, the research

questions inspired by the challenges and the contribution to be made by this thesis were given.

In the remainder of this thesis, Chapter 2 provides previous research regarding cooperative

object transport. This chapter presents various studies regarding cooperative object transport

research in the first section, and particularly shows cooperative object transport research with

human-characteristic investigation (using similar research approach to this thesis) in the sec-
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ond section.

Chapter 3 describes the study of human-human bimanual cooperative object transport.

Firstly, research questions are stated followed by hypotheses to answer the research questions

in the next section. Secondly, the study method designed and implemented to test the hypothe-

ses is given. In detail, volunteer recruitment, experimental setup custom-designed for the study

prior to experimentation, data collection, interaction model of cooperative object transport and

experimental procedure are described in separate sections. Thirdly, the analysis method cho-

sen for the experimental data acquired in the study is described. The definition and detection

method of two variables this thesis focuses on, i.e., average rate of change of force employed

by a leader of transport during the initiation phase, and interaction duration employed by a

follower of transport during the initiation phase, are explained. The process used to test oc-

currence of any learning effects or influence of fatigue during experiments is also mentioned.

Fourthly, the results of the experimental data are provided. In detail, two repetitive behaviours

characterized in the leader’s motion and the follower’s motion respectively during experiments

are presented with experimental data figures. Furthermore, comparison of cooperative object

transport between two different conditions (i.e., Push and Pull movements) is presented. Lastly,

the human control strategies for bimanual cooperative object transport characterized through

the result are discussed. In detail, strategies by the leader and the follower of transport, and

comparison of those strategies in two different conditions (i.e., Push and Pull movements) are

stated. Implications on robot object transport controllers inspired by the findings of the human-

human study are given in the last section.

Chapter 4 describes the verification of the findings of the study of human-human bimanual

cooperative object transport. The verification method is explained. In detail, the comparison

between the expected result of implementation of the findings of the human-human study onto

robots and the experimental result of the human-human study was elaborated. Lastly, the com-
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parison results and the discussion of the results were stated.

Chapter 5 concludes the study of human-human bimanual cooperative object transport

by a dyad and the verification of findings of the study by summarizing the entire thesis and

suggesting future work.
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Chapter 2

Background

In the last chapter, various research activities related to autonomous and independent robots

working with limited interaction with humans, the increasing interest in, and demand of per-

sonal and service robots, human-robot interaction (HRI), and particularly human-robot inter-

action involving physical contact between humans and robots were introduced. As an example

of physical human-robot interaction (pHRI), cooperative object transport was also described

in detail.

In this chapter, a review of the literature related to cooperative object transport is provided.

In Section 2.1, studies regarding human-robot cooperative object transport are discussed. In

particular, human-robot cooperative object transport research involving human characteristic

investigation approach, which is also used in this thesis, is described in Section 2.2. Lastly, the

summary of Chapter 2 is presented in Section 2.3.

2.1 Human-Robot Cooperative Object Transport

There have been numerous studies regarding human-robot cooperative object transport.

For example, Lawitzky et al. investigated the influence of load sharing between a human and a

robot in cooperative object transport on task performance [24]. In a follow-up study by Mortl
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et al., the comparison of task performance between constant load sharing control and con-

tinuously varying load sharing control was conducted [25]. Stuckler et al. facilitated object

lifting and lowering movements of robots in human-robot cooperative object transport through

the estimation of shared object balance using vision data [26]. Phung et al. investigated arm

positions of robots reducing weight and inertia of robot arms during human-robot coopera-

tive object transport to make the transport task safer [27]. Cremer et al. investigated optimal

arm and base positions of robots reducing jerk during human-robot cooperative object trans-

port [28]. Wang et al. investigated arm and base positions of robots avoiding self-collision

and external collisions during human-robot cooperative object transport, implemented them

on robots, and validated the effectiveness of their controller through their human-robot object

transport study as shown in Figure 2.1 [29].

The literature provided above demonstrated the effectiveness of their studies without in-

vestigating human characteristics. However, robot controllers built without consideration of

Figure 2.1: Work on robots avoiding self-collision and external collisions by Wang et al
[29].
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human characteristics could result in unintuitive movements while working with human part-

ners as the arm position of the robot in Figure 2.1.

On the other hand, investigating human characteristics and reflecting some of the char-

acteristics on robot controllers is an accepted strategy for facilitating intuitive and successful

human-robot interaction and used in numerous studies, e.g., [30] [31] [32]. In the following

section, literature related to cooperative object transport that involves investigation of human

characteristics and implementation of human inspired behaviours onto robots, similar to the

methods adopted in this thesis, are provided.

2.2 Human Characteristics in Cooperative Object
Transport

In this section, literature regarding human-robot interaction involving implementation of

human characteristics on robot controllers is reviewed. For example, Kosuge et al. built on

a mobile robot helper a human-like cooperative transport motion controller: an impedance

based control system for horizontal force interaction and an admittance based control sys-

tem for vertical force interaction, and showed the validity of their control algorithm [33].

Maeda et al. designed an impedance based controller with constant impedance parameters,

facilitating human-robot cooperative object transport with minimum jerk [34], using human

arm trajectories during object transport found from the study by Flash et al. [35]. Duchaine

et al. investigated an impedance based controller with variable impedance parameters during

human-robot cooperation [36] using human arm trajectories found through by Flash et al. [35].

In a follow-up study by Lecours et al., the effectiveness of an admittance based controller with

variable admittance parameters during human-robot cooperative object transport was investi-

gated [37]. Miossec et al. investigated repetitive arm trajectories through their own study of

cooperative object transport by dyads in the horizontal direction [38]. Parker et al. built an

admittance-based robot controller balancing the carried object level during human-robot co-
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Figure 2.2: Work on robots balancing the level of the shared object by Parker et al. [39].

operative transport of a long object with a function that allowed the human user to tune the

damping factor and frequency of robot response, and investigated user preferences on the fac-

tors as shown in Figure 2.2 [39]. Rozo et al. investigated teaching human behaviours needed

during cooperative object transport to robots through human demonstrations [40]. These stud-

ies demonstrate the effectiveness of robot motions during cooperative object transport that are

based on human-like or human-inspired movements.

The Ikeura research team of Mie University has conducted various studies regarding human

characteristics during cooperative object transport with various conditions and implemented

them onto robot controllers. For example, Ikeura et al. investigated a constant damping char-

acteristic during cooperative object transport [42]. In a follow-up study, they investigated the

time-varying damping characteristic during cooperative object transport, implemented it onto
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robots, and evaluated the effectiveness of the controller built in his study [43]. Rahman et

al. investigated time-varying mass, damping factor and stiffness characteristics during object

transport and implemented their findings onto robots and showed the effectiveness of their

controller [44]. Zhang et al. investigated impedance characteristics of human arms during co-

operative object transport in rotational movement on the transverse plane [45]. Baker et al.

investigated cooperative object transport in the vertical direction as shown in Figure 2.3 [41].

They investigated force changes by leaders and followers during the initiation phase of trans-

ports in four different conditions, with and without visual and auditory information. Rahman

et al. investigated human load force of object lifting during harmonic motion in the vertical

direction (repetitive lifting and lowering motion) and developed a power assist robot controller

distributing object load [46]. Faizal et al. investigated cooperative object transport in the trans-

verse direction [47]. They investigated differences on the efficiency of transports depending on

where participants of the collaborative carrying operation perceive. To summarize, the studies

by the Ikeura research team characterized movements of a human leader and follower facing

each other during unimanual (single-handed) cooperative object transport of various scenar-

Figure 2.3: Unimanual (single-handed) cooperative object transport model with custom-
designed force sensing setup in the study by Baker et al [41].
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ios in various directions and showed the efficiency of robot controllers based on the human

characteristics found through their cooperative object transport studies.

2.3 Chapter 2 Summary

This chapter provided previous research regarding cooperative object transport. In a sep-

arate section, literature regarding human-robot cooperative object transport involving human

characteristic investigation, which used the similar research approach to this thesis, was pre-

sented. In particular, many studies regarding various unimanual cooperative object transport

by Mie University team, which validated the efficiency of robot controllers based on human

characteristics during cooperative object transport, were described.
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Chapter 3

Human-Human Bimanual Cooperative

Object Transport

In the last chapter, various efforts towards human-robot cooperative object transport re-

search were presented. In particular, human-robot cooperative object transport research in-

volving implementation of human characteristics onto robot controllers was discussed.

In this chapter, a study of human-human bimanual cooperative object transport is de-

scribed. Section 3.1 and Section 3.2 state two research questions and two hypotheses. To test

the hypotheses, the study methodology was designed and described in Section 3.3. After im-

plementing the study, the acquired experimental data were analyzed by the analysis method

explained in Section 3.4 followed by Section 3.5 explaining the experimental results. Sec-

tion 3.6 discusses the experimental results and gives the implications of the findings from the

human-human study on robots, and lastly, Section 3.7 summarizes this chapter.

3.1 Research Questions

Chapter 2 provided literature addressing previous research on unimanual (single-handed)

cooperative object transport developed based on investigation of human-human behaviour. The
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results from their study can be applied to cooperative transport of small and light objects. How-

ever, there is a gap in studies related to bimanual (two-handed) cooperative object transport by

human dyads in the anteroposterior direction (forward and backward).

A study on bimanual cooperative object transport in the anteroposterior direction will fa-

cilitate the development of human-robot cooperative transport of large objects, which often

requires both hands to carry. In view of findings from previous research (i.e., characterization

of the motions of the dyad during various unimanual cooperative object transport) described

in Chapter 2, this thesis characterizes movements from the motions of a dyad during bimanual

cooperative object transport in the anteroposterior direction.

In particular, a leader (i.e., a person who initiates cooperative object transport movement)

is expected to carefully coordinate the initiation phase of bimanual cooperative object trans-

port. Ramping up too quickly at the initiation of object transport can result in the object being

dropped and/or falls or injuries to the follower. On the other hand, a follower (i.e., a person

who responds to the leader’s initiation and transport the shared object in collaboration with the

leader) is expected to adapt to the leader’s movement and respond to the force applied through

the shared object within an expected interaction duration. Responding early or late will cause

unnatural or jerky movements. Without those collaborative movements by a leader and a fol-

lower, safe and efficient bimanual cooperative object transport cannot be accomplished suc-

cessfully. To enable autonomous and independent robots to conduct safe and efficient bimanual

cooperative object transport with human partners, this thesis investigates collaborative force

cues, i.e., haptic cues observed during bimanual cooperative object transport by dyads.

To achieve a better understanding of haptic cues used in successful bimanual cooperative

object transport, this thesis examines the following guiding question: ”What are the charac-

teristics of the haptic interactions of successful bimanual object transport?” Furthermore, the
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following two research questions are proposed.

RQ1: How do human leaders initiate object transport and regulate ap-

plying force to the shared object during the initiation phase of bimanual

cooperative object transport?

RQ2: How do human followers respond to a leader’s action based on the

leader’s haptic cues during the initiation phase of bimanual cooperative ob-

ject transport?

To answer the above two research questions, two variables observed in successful bimanual

cooperative object transport in the anteroposterior direction, i.e., the average rate of change

of force exerted by a leader to the shared object and the interaction duration needed for a

follower to respond to the leader’s initiation during the initiation phase of bimanual cooperative

object transport in the anteroposterior direction, are investigated. The variables found during

bimanual cooperative object transport are to be implemented onto robot controllers and to be

tested if they are efficient.

3.2 Hypothesis

To answer the two research questions regarding the collaborative carrying operation pro-

vided in the last section, two hypotheses were proposed as provided in this section. A brief

pilot study following the same procedure as the human-human bimanual cooperative object

transport study to be explained in Section 3.4 but with few subjects, was conducted. Observa-

tions of the data from this work, obtained by plotting graphs of the user forces, provided the

basis for the following hypotheses.

H1: A leader’s movement can be characterized as a constant average rate
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of change of force at the initiation phase of every bimanual cooperative ob-

ject transport in the anteroposterior direction.

H2: A follower’s movement can be characterized as a constant time period

after force has been applied by a leader along the anteroposterior direction

to initiate his/her movement.

The answer to H1 will confirm that the leader employs a strategy to initiate the collabo-

rative operation during successful and intuitive bimanual cooperative object transport. On the

other hand, the answer to H2 will confirm that the follower employs a strategy to respond to

the leader’s movement during successful and intuitive bimanual cooperative object transport.

The findings of this thesis through testing of the hypotheses H1 and H2 can be implemented

them onto autonomous and independent robots and facilitate successful human-robot bimanual

cooperative object transport in the anteroposterior direction.

3.3 Method

To test the hypotheses stated in the previous section, a human-human bimanual cooper-

ative object transport study was designed and implemented. In Subsection 3.3.1, the criteria

and method of volunteer recruitment are presented, followed by the design of the experimental

setup custom-designed for the human-human study described in Subsection 3.3.2. In Sub-

section 3.3.3, details about force and acceleration sensing and data collection are stated, fol-

lowed by the interaction model of human-human object transport in Subsection 3.3.4. Lastly,

the experimental procedure designed and implemented in the human-human study is given in

Subsection 3.3.5.

19



3.3.1 Volunteer Recruitment

Eight pairs of healthy participants (11 male, 5 female) were recruited through advertise-

ment at the University of British Columbia. Materials used for the recruitment of participants

are presented in Appendix B.2 and Appendix B.3. Before conducting experiments, we con-

firmed all pairs of participants were of similar height and were able to carry, with both hands

and with the help of their partner, a 10 kg object. All participants read and signed a written

consent form, presented in Appendix B.1.

3.3.2 Experimental Setup

A table-like frame was designed using T-slotted modular aluminium bars as shown in Fig-

ure 3.1. A Precision Transducers ltd PT4000-20 kg load cell was mounted on the centre of

the frame and a Yost Labs 3-SpaceTM Wireless accelerometer was fixed to the frame next to

the load cell. Participants were asked to cooperatively transport the frame shown in the figure

Figure 3.1: Table-like frame employed in the human-human bimanual cooperative object
transport study.
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in the anteroposterior direction. The length of the frame was sufficient to prevent interference

between carrying partners. The width of the frame accommodated participants holding the

frame with both hands shoulder-width apart. The weight of the frame was approximately 10

kg, representative common household objects (e.g., tables or light bookshelves).

To keep a similar configuration to a common bimanual cooperative object transport (e.g.,

carry a table with a partner), participants were asked to grasp the handles of the frame with

both hands in supination as shown in Figure 3.2 facing each other. Participants were asked

to maintain the grip configuration during the entire experiment. The grip figuration is repre-

sentative of holding common furniture (e.g., tables or chairs). Participants were also asked to

outstretch and lower their arms. To encourage participants to apply forces to the frame in a

natural and comfortable manner, they were asked to avoid bending their arms at the initiation

phase of every transport, and to keep their hands close to their body.

Figure 3.2: Left – Top view of grip configuration with right hand. Right – Right side view
of grip configuration with right hand.
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3.3.3 Force and Acceleration Sensing, and Data Collection

During the experiment, we collected the following data: the force exerted by participants

measured by the attached load cell and the acceleration of the frame measured by the attached

accelerometer. Force data were sampled at an average frequency of 25 Hz with a resolution

of 0.2 N, and acceleration data were sampled at an average of frequency of 135 Hz with a

resolution of 0.01 m/s2. The frequencies at which the data were sampled were preset by the

used devices. A National Instrument data acquisition device was used to collect the force data.

Acceleration data were recorded simultaneously and in-sync with the force data using the

computer’s local time. Linear interpolation was employed to resample the collected data at

1000 Hz.

3.3.4 Interaction Model

In this section, the interaction model of the transport study is presented. Figure 3.3 shows

the diagram of the interaction model. The equation of the interaction model is described as

follows:

fleader + f f ollower = mẍ (3.1)

where fleader and f f ollower are the forces applied to the shared object by the leader and the

follower, respectively. Also, m and ẍ are the mass and acceleration of the shared object, re-

spectively. In particular, fleader and f f ollower can be expressed as follows [43].

fleader = α(t)mẍ+ finternal (3.2)

f f ollower = (1−α(t))mẍ− finternal (3.3)

where α(t) is how much the leader controls the motion of the object and finternal is the inter-

nal force between the leader and the follower (i.e., the force data measured by the load cell

mounted on the frame). In particular, in the case of our bimanual cooperative object trans-
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Figure 3.3: Interaction model of cooperative object transport between a leader and a fol-
lower. The dyad is carrying the object to the right.

port study (i.e., the leader controls the motion of the object at the initiation phase of object

transport), fleader and f f ollower are expressed as follows:

fleader = mẍ+ finternal (3.4)

f f ollower =− finternal (3.5)

Particularly, at the initiation phase of the interaction, acceleration ẍ is zero, and fleader and

f f ollower are expressed as follows:

fleader = finternal (3.6)

f f ollower =− finternal (3.7)

Thus, finternal from the time at which finternal is exerted to the frame to the time at which

acceleration is above a threshold (through the acceleration data measured by the accelerometer

fixed to the frame) will be investigated in this study. Also, finternal measured in this study will

represent the force the leader exerts to the shared object to initiate cooperative transport.
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3.3.5 Experimental Procedure

The procedure of experiments conducted in the human-human bimanual cooperative object

transport study is presented as Figure 3.4. The figure especially shows a tranposrt movement

in the forward direction with respect to the leader. Each pair of participants was asked to stand

facing each other and holding the custom-designed frame described in Subsection 3.3.2. The

experimenter directed participants and the frame centred on the red ”starting point” before each

trial. To avoid sensory interference, participants were asked to wear a blindfold and earplugs

while they were transporting the frame. Participants were asked not to make any unnecessary

Figure 3.4: Procedure of the human-human bimanual cooperative object transport study
implemented in this thesis.
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movements, e.g., twisting or shaking the frame, and not to verbally communicate during the

experiment.

In the object transport study, participants were asked to play a role of either a leader or

a follower, which switches halfway through the study as shown in Table 3.1. The participant

in the role of leader was asked to push the frame in the forward direction in the first 20 trials

and pull in the backward direction in the second 20 trials. The leader was asked to walk 3-5

steps every trial after every movement initiation. On the other hand, the follower was asked to

respond to the leader’s initiation and move the frame in collaboration with the leader. To give

a start command to the leader role of the pair, an experimenter tapped the leader’s hand before

Set Number Participant A Participant B Direction
First set (20 trials) Leader Follower 1st trial Forward

Leader Follower 2nd trial Forward
Leader Follower 3rd trial Forward

... ... ...
Leader Follower 20th trial Forward

3 min break (Direction Change)
Second set (20 trials) Leader Follower 1st trial Backward

Leader Follower 2nd trial Backward
Leader Follower 3rd trial Backward

... ... ...
Leader Follower 20th trial Backward

3 min break (Role Switch)
Third set (20 trials) Follower Leader 1st trial Forward

Follower Leader 2nd trial Forward
Follower Leader 3rd trial Forward

... ... ...
Follower Leader 20th trial Forward

3 min break (Direction Change)
Fourth set (20 trials) Follower Leader 1st trial Backward

Follower Leader 2nd trial Backward
Follower Leader 3rd trial Backward

... ... ...
Follower Leader 20th trial Backward

Table 3.1: Table of experimental procedure. Participant A and Participant B are the two
participants of each dyad.
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every trial so that his/her follower partner cannot predict the moment of initiation. After the

participants finished each trial, the experimenter directed them back to the starting point by

applying force to the frame in the direction to the starting point as shown in Figure 3.4.

As shown in Table 3.1, each pair of participants repeated the above-described trial 80 times:

four sets of 20 trials. There were three rest times between the four sets. After every set of 20

trials, movement direction was changed. Roles were changed halfway through the study. To

reduce fatigue on the arms, a three minute rest was given to participants after every set of 20

trials. Participants were informed that they could take extra rest time in case they felt fatigue

on their arms, but no participants asked for additional rest time.

3.4 Analysis

The method used to analyze the experimental data collected through the human-human

bimanual cooperative object study is described in this section. Subsection 3.4.1 presented the

entire data analysis procedure. In Subsection 3.4.2, the process of testing of leaning effects

and fatigue is provided.

3.4.1 Data Analysis Procedure

A representative data set sample (i.e., force exerted on the custom-designed frame as mea-

sured by the load cell mounted on the frame and velocity calculated from the acceleration of

the frame measured by the attached accelerometer during an cooperative object transport trial)

is shown in Figure 3.5. In the figure, the moments, tstart and tend , are the points in time at which

the leader initiated the object transport and the follower responded to the leader’s initiation,

respectively. The time tinteraction is defined as duration from tstart to tend . The variables, fstart

and fend , are force at the time tstart and tend , respectively.

Force and velocity were recorded at the same time using the computer’s local clock. Data
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Figure 3.5: Force applied to the frame and velocity of the frame from a single bimanual
cooperative object transport trial, in particular, Push movement by a leader.

were recorded continuously during the entire bimanual cooperative object transport experi-

ment, but data analysis was only performed on the initiation phase of the transport.

Positive and negative values in the force graph correspond to Pull and Push movements,

respectively. Positive and negative values in the velocity graph mean displacements in the for-

ward and backward direction, respectively. Force and velocity remain close to zero before the

initiation of the transport until the moment that force starts to increase, indicating that the

leader has started to apply force to the frame. Next, the follower starts to move the frame in

collaboration with the leader and velocity starts to increase.

First, each force and velocity data set was evaluated to confirm that they did not contain
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outlier data caused by uninstructed movements by participants or technical issues with the ac-

celerometer. In particular, only data sets with rapid force increase followed by rapid velocity

increase were used. Next, to determine the approximate initiation moment of actual object

transport, tstart and tend were detected by finding the first moment at which force and velocity

rose above the pre-determined thresholds εstart and εend respectively. For this data, εstart was

determined to be 1 N, to detect when the force became greater than the noise range. Also, εend

was determined to be 0.005 m/s following the definition of movement initiation used in [43]

[44].

To quantify the haptic interaction employed by the leader and the follower during biman-

ual cooperative object transport, two haptic cues, namely, the average rate of change of force

(ARCF) by the leader and the interaction duration (tinteraction) by the follower during the ini-

tiation phase, were defined as follows. In particular, the ARCF was defined as below to avoid

losing information about possible rapid changes in force halfway during force application em-

ployed by the leader. The ARCF is defined as shown in Figure 3.6, where:

tinteraction = tend− tstart (3.8)

Impulse =
∫ tend

tstart

f dt (3.9)

(ARCF ∗ tinteraction)∗ tinteraction = 2∗ Impulse (3.10)

ARCF = 2∗ Impulse/(tinteraction)
2 (3.11)

Since tinteraction and Impulse are defined as 3.8 and 3.9 respectively,

ARCF = 2∗
∫ tend

tstart

f dt/(tend− tstart)
2 (3.12)

To test the hypotheses H1 and H2 provided in Section 3.2, the ARCF and tinteraction were

examined in each object transport. A t-test was used to test if there were any significant differ-
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Figure 3.6: Relationship between ARCF and tinteraction. In this thesis, it is assumed that a
leader exerts force at a linear rate.

ences on the two haptic cues between Push and Pull movements (α = 0.05). The explanation

of the t-test is presented in Appendix D.1. A TOST (Two One-Sided Test) was used to test if

the two haptic cues were equivalent regardless of Push and Pull movements (α = 0.05). The

explanation of TOST is given in Appendix D.2.

3.4.2 Learning Effects and Influence of Fatigue Test

To determine if learning effects or arm fatigue affected the experiments, ARCF and tinteraction

measured in the first and second half sets of each set were compared using a t-test (α = 0.05).

The explanation of the details about the employed t-test process is provided in the next sub-

section. Since each data set had a different number of trails after removing outlier data, only

ten trials from each data set were used in analysis. For data sets with no significant differences

found through t-test, the last ten trials of each set were used for experimental data analysis. On

the other hand, the last five trials of each first and second half set were used for data analysis

for data sets with significant differences found through t-test to mitigate the influence of learn-
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ing effects or arm fatigue. The null hypotheses Ho and alternative hypotheses Ha are shown in

Table 3.2.

Ho Ha
ARCF ARCFFirst - ARCFSecond = 0 ARCFFirst - ARCFSecond 6= 0

95% Confidence Interval contains 0 95% Confidence Interval doesn’t contain 0
tinteraction tinteractionFirst - tinteractionSecond = 0 tinteractionFirst - tinteractionSecond 6= 0

95% Confidence Interval contains 0 95% Confidence Interval doesn’t contain 0

Table 3.2: Null hypotheses and alternative hypotheses for ARCF and tinteraction measured
in every first and second ten sets in t-test.

If null hypothesis is accepted, there are no significant differences between the first and

second sets. In this case, the last ten trials of each set were used for data analysis for those

data sets. On the other hand, if the null hypothesis is rejected, acceptance of the alternative

hypothesis indicates that there are significant differences between the first and second sets,

indicating the influence of learning effects or fatigue to experiments. For those of data with

significant differences between the first and the second sets, the last five sets of each of the

first and second set were used for data analysis to mitigate the influence of the learning effects

or fatigue.

3.5 Results

In this section, the results of analysis of the experimental data collected through the human-

human bimanual cooperative object transport are provided. In particular, repetitive behaviours

observed in the leader’s movements and the follower’s movements are presented in Subsection

3.5.1 and Subsection 3.5.2, respectively. Moreover, the quantified data results of the move-

ments of the leader and the follower across different individuals and the analysis results of

t-test and TOST on Push and Pull movements are given in Subsection 3.5.3.
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3.5.1 Leader’s Movement in Terms of the Average Rate of Change of
Force

A representative sample of ten haptic interactions observed during the human-human bi-

manual cooperative object transport study is presented in Figure 3.7. The left graph plots forces

when the leader of the cooperative object transport moves the shared object in the forward di-

rection (i.e., Push movement). The right graph plots forces when the leader of the object trans-

port moves the shared object in the backward direction (i.e., Pull movement). Both graphs are

zero-offset and aligned at t = 1000 ms (tstart). The average of tend of ten trials for Push and Pull

movements (described as tend in the figure) is shown in both left and right graphs respectively.

Figure 3.7: Ten haptic interactions observed during the cooperative transport study for
Push movement (Left) and another ten interactions for Pull movement (Right).
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Other samples of the remaining 15 participants are attached in Appendix C.1. To evaluate

the repetitive nature of their movements, the data from one second prior to, until two seconds

after the leader’s initiation of the object transport are shown in the figures. Figure 3.7 and

Appendix C.1 show that ARCF employed by leaders is fairly repetitive across ten trials for

both Push and Pull movements.

3.5.2 Follower’s Movement in Terms of the Interaction Duration

A representative sample of ten tinteraction versus ARCF plots observed during the bimanual

(two-handed) cooperative object transport study by a leader and a follower is presented in Fig-

ure 3.8. As in Figure 3.7, the left graph and the right graph show Push and Pull movements,

respectively.

Figure 3.8: Ten plots of tinteraction versus ARCF for Push movement (Left) and Pull move-
ment (Right) respectively.
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Other samples of the remaining 15 participants are attached in Appendix C.2. Figure 3.8

and Appendix C.2 show that tinteraction employed by followers ranged over a small band re-

gardless of ARCF for both Push and Pull movements.

3.5.3 Leader’s and Follower’s Movements across Different Individuals

Figure 3.9 presents ARCF for Push and Pull movements across different individuals. The

result shows that Push movements generally require a larger ARCF than Pull movements

across different participants. Statistical results of ARCF for Push and Pull movements are

12.53±3.57 N/s and 9.88±2.00 N/s, respectively. As explained in Section 3.4, the t-test was

conducted to check if there were significant differences on ARCF between Push and Pull

movements. The result shows that there were significant differences (p = 0.0015).

On the other hand, tinteraction for Push and Pull movements across different individuals are

given in Figure 3.10. There was no evidence showing significant differences between Push and

Pull movements found through the figure. Neither averages of tinteraction for Push movements

nor for Pull movements are repetitively larger than the other across participants. Statistical re-

Figure 3.9: Average rate of change of force during the initiation phase across 16 different
individuals for Push movements (white boxes) and Pull movements (grey boxes).
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sults of tinteraction for Push and Pull movements are 0.61±0.13 s and 0.57±0.13 s, respectively.

As explained in Section 3.4, a t-test was conducted to check if there were significant differ-

ences on tinteraction between Push and Pull movements. The result shows that there were no sig-

nificant differences (p = 0.1008). Next, as explained in Section 3.4, a TOST (Two One-Sided

Test) was conducted to test the equivalence on tinteraction between Push and Pull movements.

The result shows there was equivalence on tinteraction between Push and Pull movements (p =

0.0265).

Figure 3.10: Interaction duration during the initiation phase of object transport across
16 different individuals for Push movements (white boxes) and Pull movements
(grey boxes).

3.6 Discussion

This section discusses the analysis result given in Section 3.5. The human control strate-

gies employed by a leader and a follower found in the human-human bimanual cooperative

object transport study is stated in Subsection 3.6.1. Inspired by the human control strategies,

implications on robot controllers for human-robot bimanual cooperative object transport are

given in Subsection 3.6.2. Lastly, Subsection 3.6.3 summarizes Chapter 3.
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3.6.1 Human Control Strategies for Bimanual Cooperative Object
Transport

Section 3.5 presented two characterizations: there was an average rate of change of force

(ARCF) exhibited by leaders, and a characteristic interaction duration (tinteraction) by followers

during the initiation phase of bimanual cooperative object transport.

Section 3.5 also examined significant differences by t-test and equivalence by TOST (Two

One-Sided Test) on ARCF and tinteraction between Push and Pull movements across different

individuals. The results indicate that there were significant differences during force applica-

tion by the leader between Push and Pull movements: the leader initiates cooperative transport

with a faster rate during Push movements compared to Pull movements. On the other hand, the

results also indicate that the follower responds to the leader’s initiation with the same delay

regardless of forward or backward direction.

Based on the hypotheses H1 and H2 mentioned in Section 3.2, the two strategies by a

leader and a follower are characterized through the human-human bimanual cooperative ob-

ject transport study as follows.

S1: Human leaders appear to apply force to the shared object at a specific

rate across trials during the initiation phase of bimanual cooperative object

transport in the anteroposterior direction, but at a faster rate in the forward

direction compared to the backward direction.

S2: Human followers appear to respond to the leader’s haptic interaction

with a specific delay across trials during the initiation phase of bimanual

cooperative object transport in the anteroposterior direction. Moreover, the

duration is equivalent regardless of the forward or backward direction.
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3.6.2 Implication of Human Control Strategy on Robot Object
Transport Controllers

Based on the human control strategies S1 and S2 mentioned in Subsection 3.6.1, two impli-

cations on human-robot bimanual cooperative object transport controllers are developed and

described in this section. Implementation of those implications to autonomous and indepen-

dent robots will enable robots to carry a large object with a human partner in the anteroposte-

rior direction successfully and intuitively.

The two implications on a robot leader and a robot follower recommended in this thesis to

prevent accidents mentioned in Section 3.1 are as follows.

I1: The robot leader applying force to the object at a rate inspired from

human movement at the initiation phase can assure a safe and efficient col-

laborative carry operation as a leader.

I2: The robot follower responding to the human leader’s initiation in a

duration inspired from human movement at the initiation phase can assure

a safe and efficient collaborative carry operation as a follower.

In the next chapter, the verification of the above implications, I1 and I2, will be elaborated.

3.7 Chapter 3 Summary

This chapter described the human-human bimanual cooperative object transport study de-

signed and implemented in this thesis. The human-human object transport study revealed that

the average rate of change of force for Push movements was significantly larger than Pull

movements. On the other hand, the interaction duration during the initiation was found equiv-

alent for Push and Pull movements across different individuals. Based on these experimental
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results, it is recommended that the same movements of human leaders and followers found in

our study for a robot leader and a robot follower when they carry a large object with a human

partner collaboratively in the anteroposterior direction.
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Chapter 4

Human-Like Movement Verification

In the previous chapter, the study of human-human bimanual cooperative object transport

was described. Two research questions and hypotheses, the experimental methodology, data

analysis procedure, analysis results of experimental data, the discussion, and lastly the sum-

mary of Chapter 3 were elaborated.

In this chapter, the verification of the findings of the human-human study given in Chapter

3 is explained. Section 4.1 explains the method of verification. Section 4.2 shows the results

of the verification and discussion of the results. Lastly, Section 4.3 summarizes this chapter.

4.1 Method

In this chapter, the human-like movements suggested in Section 3.6 to be implemented onto

robots are verified. The impedance characteristics of human movements during bimanual co-

operative object transport were investigated to evaluate the findings of human-like movements.

First, a mass-spring-damper model of human movements can be expressed as follows:

f (t) = m(t)ẍ(t)+ c(t)ẋ(t)+ k(t)x(t) (4.1)
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where f (t) is force, x(t) is displacement and m(t), c(t), k(t) are time-varying mass, damping

factor and stiffness, respectively. Since only the initiation phase is examined in this thesis, we

considered a simpler impedance model with zero mass, zero stiffness and a constant damping

factor following the work in [43] [44]:

f (t) = cẋ(t) (4.2)

where c is a constant damping factor. The MatlabTM (Natick, MA) System Identification Tool-

box was used to estimate the damping factor. Specifically, an autoregressive with exogenous

terms (ARX) model was used for calculating c. The damping factor c was 2813.9 N*s/m for

Push movements and 1847.4 N*s/m for Pull movements, which were computed using the data

f (t) and x(t) from the human-human study. On the other hand, f (t) can be expressed as fol-

lows:

f (t) = αt (4.3)

where α is the rate of change of force employed by the leader of the bimanual cooperative

object transport: 12.67±3.86 N/s for Push movements and 9.91±2.05 N/s for Pull movements

as stated in Section 3.6. Therefore, t can be expressed as follows:

f (t) = cẋ(t) = αt (4.4)

t = cẋ(t)/α (4.5)

The computation of time in equation (4.5), when the velocity of cooperative object trans-

port movement ẋ(t) becomes greater than 0.005 m/s, is defined as t̂interaction, which denotes the

expected interaction duration for the follower to initiate the movement in collaboration with a

robot leader.
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On the other hand, the average time, when the velocity for the human-human cooperative

object transport movement becomes greater than 0.005 m/s, is defined as t̄interaction. The time

t̄interaction is computed from the actual data, which is 0.62±0.13 s for Push movements and

0.57±0.13 s for Pull movements, as mentioned in Section 3.6.

To verify the findings of the human-human cooperative object transport study, t̂interaction

and t̄interaction were compared. The results of the comparison between t̂interaction and t̄interaction

are given in the next section.

4.2 Results and Discussion

The results of the comparison between t̂interaction and t̄interaction are shown in Table 4.1. The

maximum and minimum values of t̂interaction are computed considering the error range of the

average rate of change of force (ARCF).

t̂interaction Max t̂interaction Min t̂interaction t̄interaction
Push movement 1.1104[s] 1.5970[s] 0.8511[s] 0.62±0.13[s]
Pull movement 0.9293[s] 1.1707[s] 0.7704[s] 0.57±0.13[s]

Table 4.1: Comparison of t̂interaction and t̄interaction for Push and Pull movements.

As indicated in Table 4.1, t̂interaction was found to be larger than t̄interaction for both Push and

Pull movements, but in a comparable range, which indicates the expected interaction duration

that a human follower would need to respond to the robot leader’s haptic cues during the initia-

tion is close to the actual interaction duration observed during the bimanual cooperative object

transport study conducted with human pairs. On the other hand, the reason for the results that

t̂interaction is not an exact fit of t̄interaction can be considered the assumptions made in this thesis:

the linear rate of change of force during the initiation (defined as ARCF in this thesis), the

constant interaction duration during the initiation (defined as tinteraction in this thesis) and the

impedance model with a constant damping factor.
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The comparison results of the findings of the human-human study conducted in this thesis

showed the expected error range of actual human-robot bimanual cooperative object transport

using the findings of this thesis.

In a future study, it is expected that the implementation of human-robot study based on

the findings of this thesis will generate the close result of the actual human-human bimanual

cooperative object transport.

4.3 Chapter 4 Summary

This chapter elaborated the verification of the findings of the human-human bimanual co-

operative object transport study. In detail, the impedance model of human movement during

bimanual cooperative object transport was described. Next, the results of the comparison be-

tween the expected interaction duration computed from the transport leader controller and the

impedance model and the interaction duration from the actual data were stated. The result

showed that the computed interaction duration is larger than the actual interaction duration but

in a comparable range for both Push and Pull movements, which indicates the expected error

range of actual human-robot bimanual cooperative object transport using the findings of the

human-human study. Lastly, the implementation of human-robot bimanual cooperative object

transport using the findings of this thesis as a future study was suggested.
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Chapter 5

Conclusion

In this chapter, the conclusion of the entire bimanual cooperative object transport study

conducted in this thesis is presented. In Section 5.1, the conclusion of the study of human-

human bimanual cooperative object transport is presented. In Section 5.2, the conclusion of

the verification of the findings of the human-human study is stated. In Section 5.3, future work

is described.

5.1 Human-Human Bimanual Cooperative Object
Transport

Through the bimanual cooperative object transport in the anteroposterior direction by

dyads implemented in this thesis, two haptic cues were characterized, i.e., the average rate

of change of force employed by a leader and the interaction duration employed by a follower

during the initiation. Humans were found to have strategies on those two haptic cues and em-

ploy them across trials during the initiation phase of bimanual cooperative transport of large

objects.

Based on the strategies found through bimanual cooperative object transport (i.e., the av-

erage rate of change of force employed by a leader and the interaction duration employed by a
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follower during the initiation phase), implication points on collaborative robots are presented:

a robot leader applies force to the shared object at the rate found through our study and a robot

follower responds to a human leader’s initiation in the duration found through our study.

5.2 Human-Like Movement Verification

Through the verification of the findings of the study of the bimanual cooperative object

transport in the anteroposterior direction by dyads, the implementation of the two haptic cues

mentioned in Section 5.1 is expected to generate the similar interaction of the actual human-

human bimanual cooperative object transport.

5.3 Future Work

As mentioned in Section 5.1 and Section 5.2, two strategies employed by human dyads

during bimanual cooperative object transport, i.e., the average rate of change of force em-

ployed by a leader and the interaction duration employed by a follower during the initiation,

were characterized. As well, the verification of the strategies were conducted in this thesis.

There are a few limitations of the human-human study and the verification. First, there was

no consideration on the variation of the weight of the shared object. As mentioned in Sec-

tion 3.3, a 10 kg table-sized frame was designed and used in the cooperative object transport

study. However, another study of bimanual cooperative object transport with various weights

of shared object needs to be conducted to further understand the influence of object weight to

human movements. Second, the human-human study in this thesis was conducted only with a

limited number of subjects. A post-hoc power analysis showed the number of the sample size

used in the human-human study was not enough, which is explained in detail in appendixE.

Additional studies with more participants will provide more accurate estimation of human

movements during the initiation phase of bimanual cooperative object transport. Third, this

thesis does not focus on the movement after the initiation phase of object transport. In the
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actual human-robot cooperative object transport, the knowledge of movements after the initia-

tion phase will also be essential to facilitate natural and intuitive object transport. Lastly, there

was no comparison model used to evaluate haptic cues (i.e., average rate of change of force

employed by a leader and interaction duration employed by a follower during the initiation) in

the verification procedure in this thesis. Human preferences on different haptic cues need to be

investigated in the actual human-robot cooperative object transport to evaluate the haptic cues

found in this thesis.

In future work, we suggest to develop a robot controller based on the findings in our biman-

ual cooperative object transport and further evaluate the efficiency of the controllers through

actual human-robot cooperative transport of a large object considering the above-mentioned

limitations.
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Appendix A

Pilot Study

To investigate main cues used by a dyad during bimanual cooperative object transport,

a brief pilot study was conducted with four pairs of subjects. The materials used for the pilot

study are attached in this chapter. As the result of the pilot study, haptic cues (hand force) were

found to be the main communication channel between dyads during object transport. Based

on the result, the study method presented in Chapter 3 was designed.
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Instruction 
 
In this study, you will be asked to move a table with a partner. While the 
whole study, you should hold the table using both hands. You cannot speak 
language during the study. Tasks you will do in this study are written below. 
This experiment will be video-recorded for analysis. After the experiment, you 
will watch the recorded video and will be asked several questions about it. 
 
Task1 : Hold a table with a partner and move to point 1 and drop it down. 
After signal, move to point 2 and drop it down. After signal, move to point 3 
and drop it down.  
 
Break time for 1 minutes; you are not allowed to talk with your partner 
during this time. 
 
Task 2 : Hold a table with a partner and move to point 4 and drop it down. 
After signal, move to point 3 and drop it down. After signal, move to point 2 
and drop it down. 
 
Interview; you will watch the recorded video and will be questioned about 
your movements. 
 
＊ Position 

1  3 
 A Table B  

2  4 
 
 
 

A.1 Pilot Study Instruction
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●	Subject  
Name1  (A) Name2    (B) Gender Same Culture ? 
Person1 Person2 F / M X 
Person3 Person4 M / M O 
Person5 Person6 F / M X 
Person7 Person8 M / M O 

 
●	Position  

1  3 
 A Table B  

2  4 
 
●	Setting 
1. Prepare a table which is not so big and not so heavy.  
2. Mark 4 points (1, 2, 3, 4) on the floor 
3. video recorder, sheets for note 
 
●	Experiment (15min) 
1. Explanation (5min) 
2. Task1 (1min) 
3. Break time (1min) 
4. Task2 (1min) 
5. Watch video, Interview (5~10min) 
 
●	Interview Questions (for each seesion) 
1. Who is leading between? 
2. What part of your body or what stuff did you use for cues? 
3. How did you use it?  
4. Why did you use that visual cue?  
5. Any comments on this session(one movement)?  
6. Any comments on this study or the cues you used? Why?  

A.2 Pilot Study Settings
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Date: _______________ Subject: _______________ _______________ 
 
Task1 
 
Move 

to 
Non-verbal cues 
(who, what, how) 

Events of Interest Explanation about the 
cues used in the study 

Point 1    

Point 2    

Point 3    

 
Extra Note: 
 
 
 
 

A.3 Pilot Study Note
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Task2 
 
Move 

to 
Non-verbal cues 
(who, what, how) 

Events of Interest Explanation about the 
cues used in the study 

Point 4    

Point 3    

Point 2    

 
Extra Note: 
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Appendix B

Human-Human Bimanual Cooperative

Object transport Study Materials
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Project Title: Collaborative Transport of a large Object 
Principal Investigator: Dr.Elizabeth Croft                                            (Elizabeth Croft phone number, email) 
Primary Contact: Jaehyun Shim                                                           (Jaehyun Shim phone number, email) 
Co-Investigators and Contact Persons: Jaehyun Shim                     (Jaehyun Shim phone number, email) 
               JeanSebastien Blouin                      (JeanSebastien Blouin email) 
               Romain Tisserand                                 (Romain Tisserand email) 
 
Funding: This research is funded by the Natural Sciences and Engineering Research Council of 
Canada(NSERC). 
  
Purpose: The purpose of this study is to identify strategies of the applied force that two humans employ 
while they carry a large object cooperatively. Participants will be asked to carry a large custom frame which 
is mounted with a force sensor and an accelerometer. 
  
Procedures: 
This experiment will be conducted with you and another subject. The experiment will be video-recorded for 
analysis. Before starting, you will be asked to wear earplugs and put a blindfold on your head but not to 
cover your eyes. The purpose of the earplugs is to block out external noises such as body movement or 
footsteps. The frame will be located on the ‘starting point’ on the ground in the anteroposterior direction. You 
and your partner will stand at opposite side of the frame. The experimenter will instruct you on how to grasp 
the handles of the frame. Next, you will be asked to grasp the frame shoulder width apart such that you can 
exert force to the frame naturally and lift up the frame. Afterwards, you will be asked to try not to apply any 
horizontal force to the frame before instructed to do so. The experimenter will now help you with setting up 
the no-horizontal-force condition and lower the blindfold over your eyes. Conversation during the whole 
process is not allowed. 
 
You will now play out the role of either the leader or the follower. For the trial, you will be asked to not pull 
up or push down the frame, but pull or push the frame only in the anteroposterior direction. The timing at 
which the leader starts to move should be random, such that the follower cannot estimate it. The leader will 
initiate after a tactile command given by the experiment (slight touch on shoulder) instructing the leader to 
initiate movement at his/her own discretion for each trial. At the leader’s choosing, you and your partner will 
walk 3 to 5 steps holding the frame and stop, such that the follower relies only on the exchange of physical 
contact information. The follower follows the leader, and moves or stops in the direction according to the 
physical contact information they sense through the frame. After every trial, the experimenter will guide you 
and your partner back to the ‘starting point’ and help you not to exert any horizontal force to the frame same 
as the beginning. During the whole experiment, you are allowed to not twist or shake the frame. 
  
The interval between every trial is 30 seconds. The experiment comprises of 4 sets of object transport tests, 
with 20 trials for each set. The leader leads two sets of object transport, one for forward and another for 
backward, performing the same direction for all 20 trials in each set. After the leader has performed the 
second set, role will be swapped between the leader and the follower. The new leader leads the next two 
sets of object transport performing the same conditions of forward and backward. There will be a 3-minute 
rest-period after every set. If at any time you feel uncomfortable or feel excessive fatigue on your arms 
influencing your participation during the experiment, you are allowed to signal to the experimenter to pause 
to take additional breaks.  
  
Potential Risks: You will approximately hold a 10kg frame with a partner, which might cause slight fatigue 
on your arms. If you feel excessive fatigue on your arms or feel uncomfortable, you are allowed to take 
breaks anytime during the experiment. 
  
Confidentiality: Data collected from sensors will be stored on a password protected computer in the CARIS 
lab, which has restricted secure access and is locked at all times. The experiment will be video recorded, 

B.1 Experiment Consent Form
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which the contents of the video recording will be used for analysis purposes. Videos collected will be also 
stored on a password protected computer in the CARIS lab as the sensor data and only the principal 
investing and co-investigators will have access to the data and video. The experiment should take no longer 
than one hour. You may refuse to participate, and you may withdraw from the experiment at any time. You 
will not be compensated for your participation. If you have any concerns and complaints about your rights as 
a research participant and/or your experiences while participating in this study, contact the Research 
Participant Complaint Line in the UBC Office of Research Ethics at 604 822-8598 or if long distance e-mail 
RSIL@ors.ubc.ca or call toll free 1-877-822-8598. 
  
Consent: By signing this form, you consent to participate in this study.  
 
 
Name (print):______________________________________ Date:_________________ 
 
Signature:________________________________________ Date:_________________ 
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The University of British Columbia 
Collaborative Advanced Robotics and Intelligent Systems (CARIS) Laboratory 
Department of Mechanical Engineering, UBC 
6250 Applied Science Lane, Vancouver, BC V6T 1Z4 
Tel: (604) 822-3147 Fax: (604) 822-2403 
Web site: http://caris.mech.ubc.ca 

 
Call for volunteers for a Human-Human Collaboration study: 

Collaborative Transport of a large Object 
  

We are offering you the opportunity to contribute to the advancement of human-robot 
interactions (HRI). Increasing widespread implementation of robots has revealed that safe and 
effective robot-human cooperation is a vital element.  
 
We are investigating on the exchange of physical contact information during a human-human 
cooperative work. Once the research is complete, the data of this Human-human interaction(HHI) 
study obtained will be used to attempt the development of a human-robot interaction(HRI) in 
which the robot’s actions inspired from human’s actions are safe and effective in the same 
manner as the HHI. 
 

 
 

The study will be conducted at UBC ICICS X209. In the study, you will carry an approximately 
10kg custom frame with another participant cooperatively. The experiment should take no longer 
than 1 hour. The experiment will be video-recorded for analysis but it will be used only for 
analysis purpose.  
 
A consent form will be provided before the experiment. You will be required to complete the 
form in order to participate in the study.  
 
For information/concerns regarding the experiment please contact:  
 

Jaehyun Shim 
(Jaehyun Shim email) 

(Jaehyun Shim phone number) 
 
Thank you very much for your help.  
 

B.2 Call for Participants
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Dear	all,	
		
I	am	investigating	on	the	exchange	of	physical	contact	information	
during	a	human-human	cooperative	work.		
	
Please	see	the	attached	consent	form	and	CallforVolunteers	file	for	
details	regarding	the	study	and	if	you	are	interested	in	participating,	
please	send	an	email	(Jaehyun	Shim	email)	and	sign	up	here.	
(online	sigh	up	form)	
	
If	you	have	any	additional	questions	regarding	the	study,	please	do	
not	hesitate	to	ask	via	(Jaehyun	Shim	email).	
	
Kind	Regards,	
	
Jaehyun	Shim	
MASc	candidate,	
Mechanical	Engineering	Department 
University	of	British	Columbia	
 

B.3 Personal Contact
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Appendix C

Individual Subject Data

C.1 Average Rate of Change of Force

Figure C.1: Ten haptic interactions observed during the cooperative transport study for
Push movement (Left) and another ten interactions for Pull movement (Right) for
Subject 1.
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Figure C.2: Ten haptic interactions observed during the cooperative transport study for
Push movement (Left) and another ten interactions for Pull movement (Right) for
Subjects 2 & 3.
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Figure C.3: Ten haptic interactions observed during the cooperative transport study for
Push movement (Left) and another ten interactions for Pull movement (Right) for
Subjects 4 & 5.
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Figure C.4: Ten haptic interactions observed during the cooperative transport study for
Push movement (Left) and another ten interactions for Pull movement (Right) for
Subjects 6 & 7.
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Figure C.5: Ten haptic interactions observed during the cooperative transport study for
Push movement (Left) and another ten interactions for Pull movement (Right) for
Subjects 8 & 9.
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Figure C.6: Ten haptic interactions observed during the cooperative transport study for
Push movement (Left) and another ten interactions for Pull movement (Right) for
Subjects 10 & 11.
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Figure C.7: Ten haptic interactions observed during the cooperative transport study for
Push movement (Left) and another ten interactions for Pull movement (Right) for
Subjects 12 & 13.
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Figure C.8: Ten haptic interactions observed during the cooperative transport study for
Push movement (Left) and another ten interactions for Pull movement (Right) for
Subjects 14 & 15.

67



C.2 Interaction Duration

Figure C.9: Ten plots of tinteraction versus ARCF for Push movement (Left) and Pull
movement (Right) respectively for Subjects 1 & 2.
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Figure C.10: Ten plots of tinteraction versus ARCF for Push movement (Left) and Pull
movement (Right) respectively for Subjects 3 & 4.
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Figure C.11: Ten plots of tinteraction versus ARCF for Push movement (Left) and Pull
movement (Right) respectively for Subjects 5 & 6.
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Figure C.12: Ten plots of tinteraction versus ARCF for Push movement (Left) and Pull
movement (Right) respectively for Subjects 7 & 8.
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Figure C.13: Ten plots of tinteraction versus ARCF for Push movement (Left) and Pull
movement (Right) respectively for Subjects 9 & 10.
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Figure C.14: Ten plots of tinteraction versus ARCF for Push movement (Left) and Pull
movement (Right) respectively for Subjects 11 & 12.
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Figure C.15: Ten plots of tinteraction versus ARCF for Push movement (Left) and Pull
movement (Right) respectively for Subjects 13 & 14.
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Figure C.16: Ten plots of tinteraction versus ARCF for Push movement (Left) and Pull
movement (Right) respectively for Subject 16.
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Appendix D

T-test and TOST

D.1 T-test

T-test is a method used to test significant differences between two data sets [48] [49]. In

this thesis, t-test, particularly for a paired-sample, was used to test the differences between

Push and Pull movements as follows:

H0: µ1−µ2 = 0 (95% Confidence interval contains 0.)

Ha: µ1−µ2 6= 0 (95% Confidence interval does not contain 0.)

If the null hypothesis H0 is accepted, it means that there are no significant differences be-

tween the paired-sample. If the Null hypothesis H0 is rejected and the alternative hypothesis

Ha is accepted, it indicates that there are significant differences between the paired-sample.

In this thesis, the average rate of change of force (ARCF) and the interaction duration

(tinteraction) during the initiation phase were examined with t-test to test if there were signifi-

cant differences on the two variables between Push and Pull movements. Null and alternative

hypotheses are shown in Table D.1.

76



Ho Ha
ARCF ARCFPush - ARCFPull = 0 ARCFPush - ARCFPull 6= 0

90% CI contains 0 90% CI doesn’t contain 0
tinteraction tinteractionPush - tinteractionPull = 0 tinteractionPush - tinteractionPull 6= 0

90% CI contains 0 90% CI doesn’t contain 0

Table D.1: Null hypothesis and alternative hypothesis for ARCF and tinteraction in t-test.

If null hypothesis is rejected and alternative hypothesis is accepted for ARCF and tinteraction,

it indicates that there were significant differences on ARCF and tinteraction between Push and

Pull movements. On the other hand, if null hypothesis is accepted, it indicates that there were

no significant differences between Push and Pull movements. TOST (Two One-Sided Test) was

used to test any variables with no significant differences between Push and Pull movements if

they were equivalent regardless of Push or Pull movements. The explanation of TOST is given

in the next subsection.

D.2 TOST Equivalence Test

TOST(Two One-Sided Test) is a method used to test equivalence between different groups

[50] [51]. In this thesis, TOST was used to test the equivalence between Push and Pull move-

ments as follows:

Ho: µ1−µ2 > ε or µ1−µ2 <−ε (90% Confidence interval within ±ε .)

Ha: ε < µ1−µ2 < ε (90% Confidence interval outside ±ε .)

where equivalence bounds ±ε are ±0.1 s. According to the Robinson et al.’s study, the

average reaction time of humans for tactic stimuli is 0.155 s [52]. Thus, taking an equivalence

bound of 0.1 s is conservative.
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Figure D.1: TOST (Two One-Sided Test) used to test equivalence of tinteraction for Push
and Pull movements。

If null hypothesis H0 is accepted, it means that the two groups tested were not equivalent.

If null hypothesis H0 is rejected, and alternative hypothesis Ha is accepted, it indicates that the

two groups tested were equivalent. Figure D.1 from the Robinson et al.’s paper presents visual

aids on the explanation.

In the figure, ±ε presents equivalence bounds (upper bound and lower bound). 90% con-

fidence interval extends any of upper bound or lower bound, the null hypothesis is accepted

as figure (b),(c), which indicates the two groups tested are not equivalent. On the other hand,

the null hypothesis is rejected and alternative hypothesis is accepted when 90% confidence
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interval is within ± as figure (a), which indicates the two groups tested are equivalent.

In this thesis, the interaction duration during the initiation (tinteraction) was examined with

TOST to test if there were equivalence between Push and Pull movements in terms of tinteraction.

Null and alternative hypotheses and the results are shown in Table D.2.

Ho Ha
tinteraction tinteractionPush - tinteractionPull > ε −ε < tinteractionPush - tinteractionPull < ε

or tinteractionPush - tinteractionPull <−ε

90% CI is within ±ε 90% CI is outside ±ε

Table D.2: Null hypothesis and alternative hypothesis for tinteraction in TOST.

If null hypothesis is rejected and alternative hypothesis is accepted for ARCF and tinteraction,

it indicates there was equivalence on ARCF and tinteraction between Push and Pull movements.

On the other hand, if null hypothesis is accepted, it indicates that there was no equivalence on

the variables between Push and Pull movements.
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Appendix E

Power Analysis

To investigate if the sample size of 16 participants in the human-human bimanual coop-

erative object transport study was enough, a post-hoc power analysis was conducted. Three

variables (sample size = 16, power = 90%, and significance level = 0.05) were input to calcu-

late the effect size of the t-test and TOST (Two One-Sided Test) used in this research [53]. The

result of the post-hoc power analysis showed a sample size of 16 participants was only enough

to calculate large effect sizes (d ≥ 0.8) with above 90% power.
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