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Task-based Human-Robot Collaboration Control of
Supernumerary Robotic Limbs for Overhead Tasks

Zhixin Tu, Yijun Fang, Yuquan Leng, and Chenglong Fu

Abstract—Supernumerary robotic limbs (SRLs) are novel
wearable robots that can be used to augment human operating
ability in completing some difficult and complex tasks. In this
work, a task-based human-SRLs collaboration control method for
overhead tasks is developed. It is autonomous and safe without
the need for active commands and previous data. A task model
is proposed to model the human-SRLs collaboration process
that features different task states and state transition conditions.
Specifically, the overhead task process is modeled as a finite state
machine (FSM) with four task states, three trigger events, and
three SRLs actions. The real-time measured human motion data
is utilized to trigger the task state transition and estimate the task
parameters, which are the constraints for SRLs motion planning.
The proposed admittance control with adjustable parameters
allows SRLs to behave like spring-damping systems with different
characteristics in different states and actions. The admittance
control enhances the safety and reliability of the human-SRLs
interaction. Finally, the effectiveness of the proposed control
method for overhead tasks is further validated on a prototype
of the human-SRLs system with two subjects under different
installation heights. Trigger events and task parameters are
successfully detected and estimated during the task process to
trigger the coordination actions of SRLs. The results demonstrate
that the task-based collaboration method is useful for overhead
tasks with different task parameters.

Index Terms—Wearable robotics, human-robot collaboration,
human performance augmentation, supernumerary robotic limbs
(SRLs).

I. INTRODUCTION

UPERNUMERARY robotic limbs (SRLs) are a novel kind
of wearable robots developed as extended independent
limbs for human augmentation [1]-[3]. Different from ex-
oskeletons [4], prostheses [5], and other wearable robots, SRLs
are regarded as the additional arms or legs to be applied to
augment humans’ capabilities. They can assist humans in per-
forming complex and intensive tasks by providing additional
strength, flexibility, and support, which can be useful in tight
or confined spaces (e.g. aircraft component assembly [6]).
The main role of SRLs is to help humans with tasks that
cannot be done by one single person. This requires a well-
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organized human-SRLs collaboration. Ideally, this collabora-
tion should be able to handle complex tasks under varying
task parameters. In human-human collaboration, verbal and
physical communication among humans ensures a shared
understanding of intentions, task-knowledge, and coordination
of actions [7]. However, unlike humans who can comprehend
the meaning behind continuous speech and physical gestures,
SRLs as non-intelligent agents lack the capability to under-
stand and interpret these forms of communication accurately.
Although humans can perceive the position and force of
SRLs through inherent vision and haptic feedback [6], [8],
human intentions and some task-related knowledge (in terms
of task state and task parameters) cannot be easily transmitted
to SRLs due to the lack of neuromuscular connection in
the heterogeneous form. Therefore, effectively communicating
task knowledge and intentions between the human and SRLs
is a key challenge in human-SRLs collaboration control.

In the existing literature, various control methods have
been developed for human-SRLs system. They can be briefly
divided into two groups, active control [9]-[11] and reactive
control [12]-[14]. Active control means that the human ex-
presses his control commands actively to control the motion
of SRLs. Generally, it redirects unused DoFs (in terms of task-
irrelevant movement) of the human to the DoFs of SRLs.
The control signals mainly include body movements [9],
[10], electromyography (EMG) [11], etc. Guggenheim et al.
[10] exploited the combination of force at the fingertips to
communicate the action primitives to the SRL. In [11], the
EMG signals of the torso muscles were remapped to control
the two-DoF SRLs. This solution is effective for some simple
tasks with limited DoFs. Active control for complex tasks
with multiple DoFs is currently limited by the precision of
the redirected DoFs and the cognitive load on the human [1].

Reactive control means that SRLs do not depend on ex-
plicit commands but generates the corresponding motion by
understanding human behavior, intentions, and the task state.
To date, teaching-data-based reactive control (TDRC) has
been introduced in some studies [12]-[14]. In [12], a SRLs
prototype was designed to assist humans in overhead tasks,
using the partial least square (PLS) algorithm to train a large
number of manual teaching data to generate the trajectory. Wu
and Asada [14] utilized the data of human grasping actions
to train a prediction model. This trained model was then
applied to control the supernumerary robotic fingers in a semi-
autonomous manner. In this method, the motion pattern of
SRLs is usually based on a predefined model and SRLs can
be able to coordinate with humans in a natural and intuitive
way without explicit commands. TDRC has obtained some
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achievements in human intention recognition [12]-[14], but
it requires a large amount of high-dimensional demonstration
data from the user to guarantee its feasibility, which hinders
its application in complex situations. Since the teaching data
is always implicit and collected from a limited set of task
parameters, the quantitative task parameters during the task
process (e.g., installation height [12], drilling position [13])
can not be estimated, further limiting its deployment in varying
working environments.

To address the limitations of current control methods in
adapting to complex environments and varying task parame-
ters, a task-based collaboration control method is proposed.
The aim of this method is to construct a communication
channel for task-knowledge and intention in order to facilitate
effective and autonomous collaboration for a specific complex
task with varying task parameters. To achieve this, a task
model is proposed to fully describe the task process and
generally coordinate the human-SRLs behavior. The real-time
measurement of human motion allows SRLs to observe the
human actions, understand the human intention and estimate
the task-knowledge. The proposed method is different from
the existing studies that utilized the human motion data to
teleoperate the mobile robots [15] or improve the human
ergonomics in human-robot collaboration [16]. As far as we
are aware, this work is the first to introduce a task model
driven by human motion data for the collaboration control of
SRLs to extract the human intention and task parameters.

Overhead tasks for ceiling installation [6], [12], [17] are
representative applications of SRLs, as shown in Fig. 1(c).
The specific task can not be achieved by a single person,
since if the natural hands are occupied to support the ceiling,
the installation is impossible. Previous studies on overhead
tasks have primarily been confined to a single scene [17] or
the SRLs control with fixed task parameters [12]. However,
the collaboration control of varying ceiling heights throughout
the entire task process has not received sufficient attention. In
this work, a finite state machine (FSM)-based task model is
proposed to coordinate the human-SRLs behavior. The ceiling
installation height and the task state can be estimated by the
human motion data, providing a comprehensive description of
the overhead tasks. Since the motion of human limbs and task
parameters are considered in the SRLs motion planning and
control, the human-SRLs collaboration will be safer and more
robust. Safety and robustness are also the key points of the
human-SRLs interaction. The main contributions of this paper
are listed as follows:

(i) A task model driven by human motion data is built to
communicate the intention and task-knowledge between the
human and SRLs, which can guarantee the autonomy and
safety of the human-SRLs collaboration for complex tasks
under different task parameters without the need of an active
control or previously recorded data.

(i) The proposed method is demonstrated for overhead
tasks. Experiments are performed to validate the effectiveness
of the proposed method with different task parameters. The
experiment results are demonstrated and discussed in detail.
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Fig. 1. Human-SRLs hardware system configuration and the experimental
scenario for overhead tasks. (a) The front view of the hardware system.
The black coordinate system is the world frame {w}, with the origin of
the frame defined at the human operator’s right heel. (b) The rear view of the
hardware system. The white coordinate systems are the base frames of the
SRLs. (C) The experimental scenario for overhead tasks. The experimental
scenario was built by eight aluminum profiles in which the installation height
can be adjusted by moving the horizontal profiles along the four vertical
aluminum profiles.

II. METHODS

Fig. 2 illustrates the control framework of the human-SRLs
system for overhead tasks. It is composed of three parts: (A)
IMU-based human motion capture, (B) overhead task model,
(C) SRLs control strategy. The first part utilizes multiple IMUs
to obtain the real-time motion of human. Then the motion
data which can reflect the human intention is used to drive
the proposed task model to identify the task states (Q; and
estimate the task parameters, such as installation height h
and supporting points P, Finally, based on the task
model and the task parameters, the SRLs controller generates
the motion trajectories and adjusts the admittance control
parameters accordingly to collaborate with the human operator.

A. IMU-based Human Motion Capture System

From human motion data, it is possible to extract the human
intention and task-related information, which are important
in human-SRLs collaboration tasks. IMUs can be used to
measure the acceleration and orientation of the body segments,
then the motion of the human can be accurately reconstructed
by fusing the body kinematics and acceleration integration.
In this paper, the commercial system Xsens MVN (Xsens,
Netherlands) [18] is adopted to measure the real-time motion
of the human operator with a frequency of 60 Hz. A sensor suit
composed of 17 wireless IMUs (MTw, Xsens, Netherlands) is
worn by the human operator [18], as shown in Fig. 1. The
origin of each reference frame is placed at the proximal joint
center of each segment. For example, the coordinate of the
hand is defined at the proximal joint of the hand, i.e. the
wrist. Therefore, the position of each segment ¢ at time step
k in world frame {w} can be described as the position of the
origin of frame {i} denoted by

P = a8y, 2% € R2. (1)
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Fig. 2. Overview of the collaboration control framework of human-SRLs system for overhead tasks. (A) P}, is the raw data of human motion data, and

FA’iwk is the filtered human motion data. (B) Q;., T}, and a; represent the task state Q;, trigger event T}, and SRLs action a;, respectively. (C) x4 € RS and
x € RS are the planned motion trajectory generated by SRLs trajectory generator and the actual trajectory calculated by the admittance controller in task

space, respectively.

The time-series motion data is processed using a Sliding
Window Mean filter with a window length equivalent to half
the frequency of the motion data, which is 30. This filter can
smooth the data and reduce the measurement noise. Then the
filtered data lek is used as input of the task model.

B. Overhead Task Model

1) FSM Task Modeling: The task model of human-SRLs
collaboration describes a series of sequential human-SRLs
actions required to achieve the task. This includes the task
states, task parameters, and corresponding state transition
timings. The task model can generally fully define tasks with
the similar process which facilitates the application in practice.

The human operator often leads the process of the human-
SRLs task and decides the state of the task, then the SRLs
refer to the state and state transition to timely generate assistive
actions. In overhead tasks, ceiling installation is an example
of a collaboration task containing a sequence of human-SRLs
actions. The selected overhead task of installing one ceiling
proceeds as follows: (i) the human operator pre-places the
ceiling to the installation plane and adjusts the ceiling to align
with the installation holes; (ii) the SRLs assist the human
operator to support the ceiling; (iii) the human operator uses
the screwdriver to fix the ceiling; (iv) after the ceiling is fixed,
the human limbs and the SRLs go back to the starting position.

The human-SRLs actions can also be divided into the
different states of the task according to the task process. In
each state and state transition, the SRLs need to generate
different actions. The FSM-based overhead task model can
be expressed as a tuple that contains the task states space @),
trigger event set 7', SRLs action set a, and state transition
function §(Q;, Ti+1):

FSM =< Q,T,a,6 > . 2)

As shown in Fig. 3, the FSM model has four different
human-SRLs states just as the four human-SRLs actions of
the task process, “prepare state” (PS), “supporting state” (SS),

“fixing state” (FS), and “end state” (ES), that constitutes the
state space (), denoted by

Q:{Q05Q17Q2aQ3}:{PS7SS>FSaES}' (3)

(i) In PS, the human operator is about to start the task by
holding the ceiling; PS is the initial state of the task. (ii) In SS,
the human operator can fine-tune the position of the ceiling
to align with the holes. (iii) In FS, the ceiling is supported by
the SRLs, while the human operator is fixing the ceiling. (iv)
In ES, the task is completed when the SRLs and the human
limbs go back to the original position. ES is the final state of
the task.

The state transitioning for the FSM task model is controlled
by trigger events. T' is a set of trigger events based on the
human motion; they are the state transition conditions. T is
denoted by

T ={T1,T>, T5}. €]

When in state (0;_; and the human motion triggered the trigger
event T;, the SRLs will execute the corresponding SRLs action
a; to coordinate with the human operator. The set of SRLs
actions is defined as

&)

When SRLs action a; is completed, the task state will transfer
to the next state (Q;. The state transition function ¢ is defined
by

a = {a1,as,a3}.

0(Qi, Tiv1) = (ait1,Qix1),1 € 0,1,2. (6)

The overall FSM task model and the definition of the
elements in the model are shown in Fig. 3. (i) Starting from
the initial PS, when the human puts his hands up to place the
ceiling, the trigger event T is triggered to drive the SRLs to
move upward just below the supporting points to be ready to
support (SRLs action a1). (ii) After action a;, the task state
changes to SS. When the ceiling position is aligned with the
mounting holes (human hands stay still), the trigger event 75 is
triggered, which is the time SRLs need to reach the supporting
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Fig. 3. State transition diagram in FSM model of the overhead task. The
task model has four task states, three trigger events, and three SRLs actions.
The task states are connected by black arrows, where the direction of the
arrow represents the state transition direction. The trigger events of the human
motion and SRLs actions are defined along the transition arrow.

points to hold the ceiling for the human (SRLs action as). (iii)
Then FS is transitioned for the human to fix the ceiling. (iv)
Finally, the human puts his hands down at the sides of the
body (73) and the SRLs move from the ceiling (SRLs action
as) to reach the resting positions and transition to ES. When
the human is ready to begin another installation, the task state
can be transitioned from ES to PS to initiate a new cycle.
FSM task model can identify the human intention to trigger
the state transition and decide when to switch the SRLs
control strategy. In addition, since the FSM model is a general
description of the overhead tasks, the proposed model is
suitable for overhead tasks with different parameters, which
greatly enhances the task adaptability of human-SRLs system.
2) Trigger Event Detection and Task Parameter Estimation:
According to the FSM task model, in human-SRLs collabo-
ration, human motion can determine the task state transitions
and guide the SRLs to take action. Therefore, trigger event
detection is needed to identify the human intention from the
human motion data. Human motion data can also provide
information about the installation height and the supporting
points of the SRLs, which is significant for SRLs control.
We propose a trigger event detection method based on real-
time human motion data from the human motion capture
system. The position of the human hands relative to the body
segments and the velocity of the human hands are the two
features used to detect trigger events. As shown in Fig. 3, in
different states of the task, the position of the hands relative
to the body is different. Taking the height of the waist and
head of the human as the reference, the position of the hands
relative to the body can be expressed with three integers as

]-7 Zhands,t 2 Zhead,t

[\

y  Rwaist,t S Zhands,t < Zhead,t (7)

37 Zhands,t < Zwaist,t
0, otherwise

where Zpands,t, Zhead,t> and Zygise: are the z coordinate
of PV P and PY respectively; the subscript

hands,t> © head,t’ waist,t?
“hands” indicates that the condition is for both hands; the

integers 1, 2, 3 indicate that the hands is working beyond
the head, preparing in front of the chest and lowered down,
respectively. For the state transition from FS to ES, in order to
prevent accidental triggering during the FS, further judgment
of the y position of the hands relative to the body is required,
and the specific judgment condition is shown in Algorithm 1.

To accurately identify human intention, we detect the trigger
event at the end of human action, at which point the human
hands should be still. The generalized velocity of the hands can
be determined by the range of positions of the hands within
the nearest n time step. The threshold condition used to detect
the stationarity of the hands is

A(phands,t) - || max{phands,tfnlev phands,t7n+27 cey phands,t}

- min{phands,tfner phands,tfnJrZ, ooy Phands,t}” <e

®)

where A is the generalized velocity calculator, phmds,t can
be the position vector or scalar component of the hands at time
step ¢, and € is a heuristically manually tuned threshold close
to 0. The values n and e are the trade-off between the detection
robustness and the decision time delay. Increasing the values
of n and e result in a more robust but delayed detection. € can
also take the same form as }Shandsyt, either as a vector or a
scalar. With the combination of the human hands’ position and
the stationary condition of hands, trigger events in the current
task state can be detected accurately and timely.

When human limbs are in contact with the environment,
the human motion data at a specific time allows to extract the
task parameters. The installation height h of the ceiling can be
estimated through trigger event 7%, when the human pre-place
the ceiling to the expected height. Assuming that the height
difference between the fingers and wrist is relatively constant
when supporting the different heights of ceiling, the estimated
ceiling height can be estimated by

h = qufand,t + hf7 t= tTl (9)

where z,,,, ;, is the average height of human hands in world
frame; h; is the assumed fixed height between wrist and
ceiling, which can be determined by the experiment; and tr,
is the time of trigger event 7;. At the same time, the target
supporting point for the SRLs can be determined by setting
an offset from the position of the human hands,

s%ppm*t = P;Lliznd,t +n, t=1in (10)

where PJ, ... is the target supporting point in world frame,
and 7 € R” is the offset between the supporting point and the
human hand, which allows the SRLs to provide support on
both sides of the hands.

Algorithm 1 shows the pseudo-code for the FSM task
model. The trigger event detection condition in each task state
and the estimated task parameters are shown. The position of
the human hands during overhead tasks and the trigger event
detection result are shown in Fig. 4.

C. SRLs Control Strategy

1) Motion Trajectory Generator: In human-SRLs overhead
tasks, safety is the main issue for SRLs motion planning. In the
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Algorithm 1 FSM task model of overhead tasks.

INITIALIZE @ + PS,T < Nan,a < Nan
while True do
Get position of human segment P;[t]
if @ = PS and T = Nan and R =
A(Zhands[t]) < €, then
T+ T
Get installation height h < Zpanalt] + by
Get supporting points Psypport < Phands[t] + 1
Drive SRLs action a < a;
Q<+ SS
ifQ=SSand T =T and R = 1 and A(Ppanas[t]) <
€ then
T+ T2
Drive SRLs action a < as
Q<+ FS
ifQ=FSand T =T, and R = 3 and A(Ppanas[t]) <
€ and Yrnand > YLthigh A YRhand < YRthigh then
T+ T3
Drive SRLs action a < as
Q<+ ES
Break

1 and

process of cooperating with the human, the motion trajectory
of the end-effectors and links of SRLs cannot interfere with
the human. Fig. 5(a) shows the block diagram of the trajectory
generator of SRLs with RRT* algorithm [19] to plan the
collision-free motion path of SRLs in high dimensional space.

The human limbs are approximated by cylinders with a
radius of 5 cm, and the endpoints of these cylinders are
determined by the real-time position of human limb segments.
The initial position and the target position of SRLs in task
space, represented in homogeneous form as 75, and Tiargets
are transformed into joint space coordinates #;,6; € R"
(n is the number of DoFs of SRLs) by numerical inverse
kinematics solver TRAC_IK [20]. In RRT*, the parent vertex
Oparent of a new sampling vertex 6 is selected by FCL
collision detection [21] with the approximated cylinders and
minimizing path length. Once the predetermined planning time
has been exceeded or the termination condition has been met,
the motion path of the SRLs in the joint space is determined.
The trajectory is sent to the controller after smoothing the
segmented path using the multi-segment fifth-order Bezier
curve.

2) Motion Controller: The collaboration control of the
SRLs consists of different control strategies corresponding
to the task state and state transition. In the human-SRLs
collaboration, both human movement and sensor measurement
errors can disturb the position control of SRLs in world frame,
and the SRLs should show flexibility when interacting with the
human and the ceiling to ensure safety. Especially in FS, when
the SRLs support the ceiling, the up and down movement of
the human hands during fixing will cause the shoulder to move
up and down, which can interfere with the base position and
makes it unable to keep supporting the ceiling. Therefore, we
propose an admittance control with adjustable parameters to

Fig. 4. Position of hands during human-SRLs collaboration with highlighted
detected trigger events for one trial. In the first image, the position of the
hands relative to the body segment is divided by gray shadows according to
the position of the head and waist. From top to bottom, R is 1, 2, and 3,
respectively. In the third image, the upper and lower edges of the gray shade
represent the left and right thigh positions, respectively.

control the SRLs to behave like a spring-damping system,
BX.+ KX, =F., (1)

where K, B are the stiffness and damping of the spring-
damping system, respectively; X, = X — X, is the displace-
ment from the equilibrium position, X € R is the Cartesian
coordinate of the SRLs end-effector in its base frame, and X
is the equilibrium position of the system; F, = F' — F} is the
equivalent external force applied on the system, F' € RS is
the force at the end-effector, and F; is the virtual force at the
end-effector when the system is at the equilibrium position.

The use of different equilibrium forces Fy, stiffness K, and
damping values B can allow to change the control character-
istic of the SRLs for different task states and state transitions.
Fig. 5(b) shows the block diagram of the proposed admittance
control with end-effector force and position feedback loop.
In this work, the ceiling is assumed to be fixed horizontally,
and only the admittance control of SRLs in the z direction is
considered.

For SRLs actions a; and as, the SRLs need to behave
in pure damping mode (K = 0, Fy = 0) to ensure safety
in the case of an accidental collision with the human. This
means that the motion velocity of the SRLs is proportional to
the external force, so that the SRLs will correct the current
expected trajectory and move in the direction of the external
force. For the SRLs action as, after the human confirms the
ceiling position, the SRLs need to move up to contact with the
ceiling with flexibility (F;; = 0). The calculated end-effector
force of the SRLs can be used to detect the contact and to
correct the estimated error of the installation height.

When the SRLs come into contact with the ceiling, x4 is set
to the current position and Fy will increase linearly towards
the maximum contact force F,,,,. When F, increases, the
equivalent force F, on the spring-damping system decreases,
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TABLE II
PARAMETERS OF THE PROPOSED METHOD IN THE EXPERIMENT
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Fig. 5. Block diagram of SRLs control strategy. (a) Block diagram of
trajectory generator of SRLs in joint space. (b) Block diagram of SRLs
admittance control. The force F' at the end-effector is calculated by the joint
torque through the inverse force jacobian. X4 in the SRLs base frame can
be obtained from the trajectory generator by forward kinematics and Fy is
meant to be the expected force at X .

TABLE 1
COMBINATIONS OF PARAMETERS IN EXPERIMENT

Experiment  Subject Height (m) A (m) hn
1 1 1.81 1.93 0.79
11 1 1.81 1.98 0.89
11 1 1.81 2.03 0.99
v 2 1.74 1.88 0.94
\% 2 1.74 1.93 1.05
VI 2 1.74 1.98 1.15

causing the SRLs to move upwards, resulting in an increase
of the contact force to F;. When the contact force F' exceeds
a certain threshold F};,., the task state switches to FS. In
FS, when the human limbs are lowered causing the SRLs to
release from supporting the ceiling, the force I’ decreases and
the equivalent force F, decreases as well. As the force F'
on the SRLs decreases, the SRLs will also move upwards to
increase the contact force. By adjusting appropriate stiffness,
the proposed admittance control enables the SRLs to have
corresponding stable contact force F' at each position X,

F = Fra — K(X - Xd) (12)

In order to keep supporting when the human is fixing the
ceiling, the expected minimum contact force F,,;, for each
robotic arm is set to be half the weight of the ceiling plus a
safety margin force F,qrgin, denoted by
mg

2

Then the feasible region of the contact force during FS is
that the contact force in the z direction of SRLs end-effector
is not less than the expected minimum contact force.

Fmin = + Fma'rgin- (13)

III. EXPERIMENT AND RESULTS

In this section, the experiment designed to verify the effec-
tiveness of the proposed task-based human-SRLs collaboration
control in overhead tasks with different task parameters is
presented. The experimental protocol was approved by the In-
stitutional Review Board at Southern University of Science and
Technology (approval number: 20220031, date: 2022/2/25).

Eqgs. (8) and (9) n = 10, e = [0.005,0.005,0.01] m, hy = 0.2 m

Nieft = [7015701702] m,

Egs. (10) Nright = [0.1,-0.15,0.2 m
Task stage K (N/m) B (Ns/m)
Egs. (11) a; & as 0 30
a2 & F'S 500 50
Egs. (12) and (13) Fraz = 30N, Fipin =8 N, Fmargin =6N
Others Fipr =20 N

A. Experimental Protocol

The prototype hardware configuration and the sensing sys-
tem of the human-SRLs system are depicted in Fig. 1. The
SRLs consist of two 6-DoF robotic arms (Kinova Gen2,
Kinova, CA) with a maximum reach of 985 mm, suitable for
overhead tasks performed by adults. The SRLs are attached to
the mounting base by inserting two sleeves, which allows for
secure and stable attachment. The base of the SRLs is then
mounted on the back of the human operator via a backpack
belt. The total weight of the prototype composed by the SRLs
and the mounting base is 14 Kg, including the 4.4 Kg for each
robotic arm. A 3D-printed spherical end-effector is gripped by
the fingers of the robotic arm to ensure effective and stable
support in different tool poses. A mini PC (NUC, Intel, USA)
based on Linux OS is fixed on the mounting base of SRLs
and runs the controller codes. Robot Operating System (ROS)
is adopted to connect the SRLs and the sensing system.

Two male subjects of different heights (subject 1: age 21
years; height 181 cm; weight 75 Kg; subject 2: age 27 years;
height 174 cm; weight 72 Kg) were invited as the human op-
erator to participate in the experiment. Prior to conducting the
experiment, the participants were given a thorough explanation
of the task process and the collaboration allocation between the
human and the SRLs. In order to ensure the participants were
adequately prepared for the experiment, a pre-experiment was
conducted, involving wearing the prototype to acclimate them
to the weight and having two subjects collaborate with each
other ten times to familiarize themselves with the collaboration
process of the task. In the experiment, subjects were required
to collaborate with the SRLs to fix the ceiling at three different
installation heights, three trials for each condition. The same
ceiling height may present different challenges for humans
of different heights. To standardize this measurement, we
determine the normalized installation height h,, by calculating
the ratio of the distance between the human shoulders and
the ceiling hg to the average length of the human arms /.,
denote by

hs

l(le

hp =

(14)

This normalized installation height is independent of the
human height, providing a consistent and accurate measure of
task parameters of different installation heights. Six different
normalized installation heights can allow to fully demonstrate
the effectiveness of the proposed method in different task
parameters, as shown in Table. I. For safety reasons, we used a
foam board (400 g) with four mounting holes to represent the
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Fig. 6. Results of human-SRLs collaboration in overhead tasks for subject 1 in Experiment III. (a) Snapshots of human-SRLs collaboration process. (b)
The position of the human hands and the SRLs end-effectors (z direction in world frame), the end-effector force of SRLs (z direction in world frame), and
the trigger events and task states in collaboration process, respectively. The black and red solid lines represent the trigger events and task states, and the
corresponding red and black dotted lines represent the moment of trigger event detection ¢7, and task state transition tg,, respectively. (c) The 3D trajectories
of the human hands and the end-effectors of SRLs from PS to SS. The starting points, target points, and directions of the trajectory are marked out.

real ceiling. During the installation process, both subjects can
choose the appropriate supporting posture according to their
habits. When at least two holes on the diagonal are fixed,
the ceiling could be considered to be installed successfully.
Table. II displays some parameters mentioned in the proposed
methods for the experiment.

B. Experiment Results

Considering the six experimental conditions, the ceiling
was successfully fixed in all the 18 attempts. During the
experiment process, the proposed method can accurately and
timely identify the human intention to detect trigger events and
estimate the current task parameter to successfully generate the
SRLs motion trajectories and switch the corresponding control
parameters. The average time for the two subjects with the
SRLs to complete the overhead tasks was very similar, with
times of 80.8 &+ 12.1 s and 85.3 £ 11.1 s, respectively. In
comparison, the average completion time for human-human
collaboration was 46.2 + 6.2 s, while a single person was
unable to complete the task. These comparisons indicate that
although SRLs may not be as efficient as human-human
collaboration, they can help save labor costs and enhance
human operating capabilities in confined spaces where large
commercial devices and multiple humans cannot access. To
illustrate the results, the result of one trial in Experiment III
will be presented in detail, as the results from the other 5
experiments, which varied in human height and installation
height, were found to be similar.

Fig. 6 shows the human-SRLs collaboration process for
subject 1 in Experiment III, in which the subject fixed the

ceiling at 2.03 m. It can be observed in Fig. 6(a) that the
SRLs can coordinate with human autonomously within the
framework of the task model. The five images from left to
right are PS state, trigger event 77, SS state, FS state, and ES
state of the task.

Fig. 6(b) presents a comprehensive examination of the
human-SRLs collaboration process by displaying the data in
a detailed and informative manner. Fig. 6(b) shows the plot
of position, force, trigger events, and task states during the
whole process of the collaboration. The task state and the
trigger events marked by the numbers on the fourth subplot
correspond to the snapshot numbers. It is possible to gain
insights into the task process by observing the curve of the
position of the human hands and the motion and force of the
SRLs over time during the entire task process. To begin with,
when trigger event 7} is detected, the estimated installation
height obtained from the average human hands’ positions is
2.022 m, which is very close to the actual height. It can be
seen that in SRLs action a;, the SRLs follow the planned
trajectories to the supporting points below but not to contact
with or beyond the ceiling. Subsequently, in SRLs action
a2, the SRLs move upward to support the ceiling after ¢r,.
As parameter F; increasing linearly to the maximum contact
force, the supporting force increases linearly around 30N,
during the time when the force of both the left SRL and right
SRL exceed the F}y,,., state transfer to FS, as shown in the third
subplot of Fig. 6(b). In FS, the SRLs behave like a spring-
damping system. When human operator supports the ceiling
with the SRLs, the SRLs are in its equilibrium position with
maximum force to the ceiling. When the human hands are
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lowered, the SRLs stretch to still maintain contact with the
ceiling, where the contact force is reduced accordingly but
still in the feasible region (F' >8 N). Additionally, the fact
that the height of SRLs in world frame remains constant in FS
can also verify the conclusion that the SRLs are continuously
supporting the ceiling.

Fig. 6(c) demonstrates the 3D trajectories of the human
hands and the SRLs from PS to the time when task state tran-
sition to FS. The motion trajectories of SRLs are determined
by the human limbs and task model to ensure the safety of the
collaboration. It can be observed that the trajectories of SRLs
will not interfere with the human limbs and the ceiling during
the collaboration process.

IV. DISCUSSION AND CONCLUSION

In this study, an effective and autonomous human-SRLs
collaboration control method was proposed for complex tasks
with different task parameters. This paper demonstrates the
proposed method for overhead tasks, which encompass a range
of complex and demanding operations in industrial settings
such as aircraft compartments.

The proposed method offers several key advantages. Firstly,
it establishes a clear communication channel for task knowl-
edge and intention between the human and SRLs. In the
existing literature, the control of SRLs relies on the active
commands [9]-[11] and teaching data [12]-[14], which can
be challenging to apply in complex collaboration processes
and varying task parameters. In contrast, by utilizing real-
time human motion data and a task model, SRLs are able to
respond to the human’s actions in a collaboration manner. This
autonomous coordination can effectively reduce the cognitive
load, as they are not required to control both their own limbs
and SRLs simultaneously. The second advantage is its ability
to adapt to different task parameters and ensure the safety
of human-SRLs collaboration. Through experiments with six
different installation heights, it was determined that the human
motion data at the certain moment (trigger event 73) can be
used to estimate the installation height with an absolute error
of less than 2 cm. This eliminates the need for measuring
the height and position of the ceiling prior to installation,
increasing the method’s adaptability. Additionally, the planned
motion trajectories based on the ceiling height and human
support position, and the admittance control with adjustable
parameters ensure the safety of human-SRLs collaboration.

One of the limitations lies in the generalization of this
method. For other applications, it is necessary to create cor-
responding task models and set appropriate state transition
conditions specific to the task workflow. Although recent
advances [22] in neuroscience have demonstrated the potential
for controlling SRLs using brain-machine interfaces, which
could eliminate the need for task models by directly con-
trolling SRLs via neural DoFs, it is still in its infancy. The
development of a unified control framework for SRLs across
diverse and complex tasks is unlikely to be feasible in the short
term. Thus, from a practical standpoint, combining task models
and human intention for autonomous collaboration remains a
valuable area of study. Future work includes expanding the
method’s application to other complex human-SRLs tasks.
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