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Abstract. Human motor control is a complex process, and undergoes
changes due to the environmental interactions in physical human-robot
interaction (pHRI). This pilot study aims to explore whether human
motion under robotic constraints still complies with the same principles
as in unconstrained situations, and how humans adapt to non-biological
patterns of robot movements. Two typical modes in applications of pHRI
(e.g., robot-assisted rehabilitation) are tested in this study. In human-
dominant mode, by building spring-damper force fields using a planar
rehabilitation robot, we demonstrated that participants’ actual motion in
reaching movements complied well with the standard minimum-jerk tra-
jectory. However, when the virtual impedance between human force and
virtual display was different from the human-robot physical impedance,
the actual motion was also in a straight line but had a skewed bell-shaped
velocity profile. In robot-dominant mode, by instructing participants to
move along with the robot following biological or non-biological velocity
patterns, we illustrated that humans were better adapted to biological
velocity patterns. In conclusion, minimum-jerk trajectory is a human
preferred pattern in motor control, no matter under robotic force or
motion constraints. Meanwhile, both visual feedback and haptic feed-
back are critical in human-robot cooperation and have effects on actual
human motor control. The results of our experiments provide the back-
ground for modeling of human motion, prediction of human motion and
trajectory planning in robot-assisted rehabilitation.
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1 Introduction

Human movement is considered as the control result of central nervous system
(CNS), peripheral nervous system (PNS) and musculoskeletal system. When
humans perform free point-to-point reaching tasks without strict constraints
on accuracy, arm movements of different humans tend to be similar. In order to
analyze the invariant law in reaching movements, numerous observations have led
to that the point-to-point movements in unconstrained situations comply with
the “Minimum-X” models [e.g., minimum-jerk model [1,2], minimum-torque-
change model [3], minimum-variance model [4], and minimum-work model [5]].
The computational models of voluntary movements are generally viewed as the
result of motor control which involves motor planning and motor execution,
and connects three levels of motor system−motor behavior, limb mechanics and
neural control [6].

The minimum-jerk principle is the most prominent among these invariant
laws, and can predict the qualitative and quantitative features of the arm move-
ments between two targets. Several studies have implemented minimum-jerk
principle in human-robot co-manipulation tasks. Maeda et al. proposed esti-
mating human motion using the minimum-jerk model for smooth cooperation.
They used nonlinear least-squares method to identify parameters of the model
in real-time and estimated position of the human hand was used to determine
the desired position of the robot [7]. Furthermore, Corteville et al. demonstrated
that humans were able to move along with the minimum-jerk speed profile, a
rectangular and a triangular speed profile, but only the minimum-jerk speed
profile felt comfortable and natural [8].

Specifically, in physical human-robot interaction (pHRI), the minimum-jerk
principle integrated with external measurements of kinematics and kinetics can
be used in prediction of human motion and trajectory planning for robot. In
the applications like robot-assisted rehabilitation, much of the prior literature
defined the desired trajectories based on minimum-jerk model for upper-limb
rehabilitation robots. For example, in the robotic assisted rehabilitation following
neurological injury, state-of-the-art control strategies direct patients to follow a
fixed or adaptive minimum-jerk trajectory, with aims to force patients to learn
optimally smooth (minimum jerk) movements [9].

However, there is little concern about whether the minimum-jerk principle in
free motion still hold in pHRI. Reed et al. demonstrated that humans behaved
differently in human-robot and human-human physical interaction [10]. Further,
since humans are physically coupled to the robotic device in pHRI, the dynamics
of musculoskeletal system can be constrained by direct physical contact, and
visual feedbacks can be augmented or distorted by virtual reality technology
[11,12], which lead to that human motor planning and motor execution are
different from those in unconstrained situations. This raises the question whether
the arm motion determined by human motor control under robotic constraints
comply with the minimum-jerk model.

In present work, we focus on the law of motor control when humans and
robots work together to accomplish some task, and investigate two kinds of
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arbitration in shared control. One is human-dominant mode, where impedance
control of an upper-limb rehabilitation robot is implemented to build a spring-
damper force field, and emphasizes the influence of force constraints in pHRI;
the other is robot-dominant mode, where the robot alone leads the movement
and the human has to move along with biological or non-biological velocity
patterns, which aims to test the effect of motion constraints in pHRI. These
two modes are representative of active training and passive training respectively
in robot-assisted rehabilitation [13]. Meanwhile, we examine the condition that
the virtual impedance between human force and virtual display is different from
the physical human-robot impedance, considering that both visual feedback and
kinaesthetic haptic feedback are critical in human motor control.

The remaining parts of this paper are organized as follows: Sect. 2 introduces
the minimum-jerk model, and describes our experimental set-up including two
sets of experiments. The experimental results are presented and discussed in
Sect. 3. Finally, the conclusions of our research and remarks for future work are
presented in Sect. 4.

2 Method

2.1 Minimum-Jerk Model

For unconstrained point-to-point movements, several authors have investigated
that natural hand movements tend to be smooth and graceful. Flash and Hogan
postulated that maximizes the smoothness of the movement is a criterion to
which the motor control system abides in point-to-point movements [1]. This
criterion complies with the minimization of a cost function C, expressed in terms
of the mean square of the jerk (derivative of the acceleration) [14]:

C =
1
2

∫ t2

t1

[(
d3x

dt3

)2

+
(
d3y

dt3

)2
]
dt (1)

where (x, y) is the Cartesian coordinates of the hand position.
In essence, minimum-jerk model assumes that among all possible trajecto-

ries, the motor control system selects one specific trajectory that satisfies the
minimum condition. The actual trajectory generated between two points in two
dimensional space can be simplified to:
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where (xi, yi) and (xd, yd) are respectively the coordinates of starting point and
ending point, td is the total movement time. The trajectory of 5-order polyno-
mial form corresponds to a straight line connecting two points with bell-shaped
tangential velocity profiles.
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2.2 Experimental Set-Up

(1) Apparatus and Behavior Task: We have developed an upper-limb reha-
bilitation robot, called CASIA-ARM, which can provide compliant force feedback
and virtual environment training [15]. In order to explore the characteristics of
human motion in pHRI, we use CASIA-ARM as the experimental platform (see
Fig. 1). The design of parallelogram structure and capstan-cable transmission
system has small reflected inertia and friction at the end-effector, which is ben-
eficial to precise force control and compliant interaction between the robot and
patients [16]. In order to measure the force applied by the participant’s hand at
the end-effector, a 6-axis force sensor is mounted at the tip of the robot arm.

In all experiments, participants seated with their right arm coupled with
the robot at the end-effector, and made 2-DOF point-to-point movements in the
horizontal plane. The virtual reality display is shown in Fig. 1, where two targets
(point A and point B) were displayed as 1-cm-diameter black solid circles on the
screen, and corresponded to (−0.14 m, 0.4 m) and (0.14 m, 0.4 m) in workspace,
respectively. For repeated goal-directed reaching movements, A and B took turns
to become a 2-cm-diameter red solid circle to indicate the end target. Partic-
ipants were asked to manipulate the robot handle to control a blue cursor to
make reaching movements between two targets via a virtual reality display, and
the robot force outputs were controlled differently according to the experiment
modes.

(2) Subjects: To examine the characteristics of human motor control in pHRI,
5 right-handed healthy subjects participated in Experiment 1, and 5 others par-
ticipated in Experiment 2. They were aged between 23 and 32, 3 females and 7
males, with heights ranging from 162 to 187 cm. All participants were neurolog-
ically healthy and had normal or corrected vision.

Fig. 1. Experimental Set-up. Left: Demonstration of experimental task using CASIA-
ARM, where the participant was directed to reach the red target in the virtual envi-
ronment. Right: The virtual reality display of reaching task. (Color figure online)
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(3) Design of Experiment 1 (Human-Dominant Mode): For pHRI appli-
cations like robot-assisted rehabilitation, the robot emphasizes on compliant
interaction with humans. In this study, impedance control was implemented,
and a widely used spring-damper force field was built by the robot in Exp. 1A
and Exp. 1B. Specifically, Exp. 1A employed standard impedance control to sim-
ulate a normal force field, while Exp. 1B was a control experiment to test the
effect of kinaesthetic haptic feedback in minimum-jerk trajectory formation.

5 subjects participated in Exp. 1A and Exp. 1B. Each participant performed
a total of 100 trails per experiment, and a 1 s break separated trails. The break
could assure that initial and final velocity and acceleration were zero in each
trial. The interaction force, human hand position and velocity were sampled at
100 Hz.

Experiment 1A: Standard Impedance Condition. In this condition, the
robot force outputs were regulated with the human hand position x (t) and
velocity ẋ (t) according to a predefined impedance relationship as below:

{
Fx (t) = −kx (x (t) + 0.14) − bxẋ (t)
ẋ (t) = (x (t) − x (t− 1))/Ts

(3)

where Fx (t) denotes the robot force along X axis, bx and kx denote the damping
and stiffness coefficient respectively, and the equilibrium position of the “spring”
is at point A (x =−0.14 m) as in Fig. 1.

In this experiment, the damping and stiffness coefficients can be achieved to
make all participants feel comfortable, therefore bx = 5N · s/m and kx = 50N/m.
Generally speaking, participants received assistance when they made reaching
movements from B to A, and were resisted by the robot when moving from A
to B.

Besides, the target motion displayed on screen was consistent with partici-
pants’ hand motion, and the human-robot interaction impedance equaled to the
dynamic relationship between human effort and the displayed target motion.

Experiment 1B: Virtual Impedance Condition. In this condition, the robot
was locked and kept still, and the force sensor measured the participant’s force
at the handle. Participants applied endpoint force to control the cursor move
from a start target to an end target, and the interaction force was transformed
into the cursor movements, and the relationship can be expressed as:

{
ẋ (t) = − [Fx (t) + kx (x (t) + 0.14)]/bx
x (t + 1) = x (t) + ẋ (t)Ts

(4)

where Fx (t) denotes the interaction force along the X axis, x (t) is the X coor-
dinate of the displayed cursor, different from that of the human hand which
kept still during the experiment, bx and kx denote the damping and stiffness
coefficient respectively, which were set the same values as in Exp. 1A.

Importantly, the human hand remained stationary, and the imposed force
controlled the displayed motion as manipulating a virtual spring-damper sys-
tem. In other words, the physical human-robot impedance was infinity, while
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the virtual impedance between human effort and displayed motion remained
the same as in standard impedance condition, thereby participants performed
reaching movements under biased force feedback.

(4) Design of Experiment 2 (Robot-Dominant Mode): In human-robot
cooperation, higher interaction forces indicated more effort from the participant
and a less intuitive interaction [17]. According to this criterion, we designed
Experiment 2 to examine whether biological vs. non-biological trajectories
affected the efficiency of human-robot interaction, and how human motor control
adapt to non-biological velocity patterns. The interaction was tested with three
different velocity profiles in robot-dominant interaction: a minimum-jerk profile,
a trapezoidal and a constant velocity profile. Therefore, there are three differ-
ent velocity patterns: biological (minimum-jerk velocity), weakly non-biological
(trapezoidal velocity) and strongly non-biological (constant velocity) patterns.

For each velocity profile, the reference position trajectory was developed in
the workspace, and then the spatial coordinates of the trajectory were trans-
formed to joint angles by inverse kinematics. Finally, two PID joint angle con-
trollers were conducted to achieve the passive tracking task.

In robot-dominant mode, 5 subjects participated in tracking movements, and
each participant performed 100 trails of the reaching movements between point
A and point B per pattern (see Fig. 1). The robot was programmed to wait 2 s
when reached the goal target, so that participants would not be able to have
trial-to-trial adaptation. Importantly, the robot took the leader role during the
reaching movements with either biological or non-biological velocity patterns. As
in Experiment 1, the interaction force, robot position and velocity were recorded
at a sampling frequency of 100 Hz.

3 Results

3.1 Experiment 1

In order to acquire stable motion states and exclude the familiarization process,
the last 50 successive trials were selected in each condition. Figure 2 displays the
spatial trajectory, displacement and velocity of hand movements for each partici-
pant in standard impedance condition, together with the standard minimum-jerk
trajectory. Figure 3 shows the corresponding results in virtual impedance con-
dition. Despite variations in magnitude, the displacement and velocity profiles
were consistent across participants.

As shown in Fig. 2, participants’ hand movements were smooth with typical
bell-shaped velocity profiles either reaching A from B or reaching B from A.
Further, the average displacement and velocity profiles were evidently coinci-
dent with the standard minimum-jerk profiles in the standard impedance con-
dition. In contrast, the velocity profiles in Fig. 3 were skewed bell-shaped and
the fluctuation of curves were higher. Therefore, in virtual impedance condition,
the divergences between actual profiles and minimum-jerk profiles were obvious
both in displacement and velocity.
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Fig. 2. Spatial trajectories, displacements and velocities of participants’ hand during
the point-to-point movements in Exp. 1A. First column: trajectories of the hand move-
ments in Cartesian space. Second and third columns: time-series displacements and
velocities along the X axis in reaching movements from A to B. The last two columns:
corresponding displacements and velocities in opposite direction movements (B to A).
Colored lines indicate individual trials, and thick yellow lines indicate the average
motion profiles of individual participant across all 50 trials. Thick red lines indicate
the minimum-jerk profiles as comparison standards. (Color figure online)

Table 1. RMS errors on all participants for Exp. 1A and Exp. 1B

Displacement Displacement Velocity

X-axis (m) Y-axis (m) X-axis (m/s)

Standard condition (A to B) 0.0240 0.0023 0.0402

Standard condition (B to A) 0.0138 0.0036 0.0486

Virtual condition (A to B) 0.0333 0.0044 0.0846

Virtual condition (B to A) 0.0227 0.0037 0.1143

Table 1 shows the RMS errors of the actual displacement and velocity as
comparison between actual hand motion and minimum-jerk generated trajectory.
More specifically, in reaching movements from A to B, the deviation errors of
displacement and velocity along the X axis in standard condition were 28%
and 52% smaller than those in virtual condition, and the deviation error of
displacement along the Y axis proved that trajectories were almost straight in
both conditions. The RMS errors in opposite direction movements accorded with
the same quantitative relationship.
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Fig. 3. Spatial trajectories, displacements and velocities of participants’ hand dur-
ing the point-to-point movements in Exp. 1B. The robot kept still, and participants
received only visual feedback. First column: trajectories of the hand movements in
Cartesian space. Second and third columns: displacements and velocities along the X
axis in reaching movements from A to B. Fourth and fifth column: displacements and
velocities along the X axis in reaching movements from B to A. Each colored line
indicates an individual trail. Each thick yellow line indicates an individual participant
average across all 50 trials. Thick red lines indicate the minimum-jerk profiles used as
baselines. (Color figure online)

Thus, the results of Experiment 1 can be concluded that participants were
able to accomplish reaching movements with minimum-jerk model under the
force constraints of two different impedance conditions. In standard impedance
condition, the participants’ hand motions complied well with the minimum-
jerk principle. However, in virtual impedance condition, the displayed motions
controlled by human force were also in a straight line but had a skewed bell-
shaped velocity curve. The comparisons between two conditions reveal that both
visual and kinaesthetic haptic feedbacks are necessary for human motor system
to generate a minimum-jerk trajectory as in unconstrained situations.

3.2 Experiment 2

As the tracking movements described in Sect. 2.2 were only in X direction, we
evaluated the efficiency of human-robot interaction through the interaction force
along the X axis. The last 50 stable trials were selected in each pattern in order
to exclude the familiarizing phase. Figure 4 displays the force applied by par-
ticipants on the robot for the three different task patterns. Comparison of the
three red lines showed that the force profiles were smoothest and least vari-
able in biological pattern, and indicated that participants were better adapted
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Fig. 4. Interaction force applied by participants along the X axis for biological, weakly
non-biological and strongly non-biological patterns. In each pattern, the thin lines
indicate individual participant averages across all 50 trials, the thick red line indicates
the average force of all participants across all trials. (Color figure online)

to the minimum-jerk profiles offered by the robot. In non-biological patterns,
lower forces were achieved in weakly non-biological (trapezoidal velocity) pat-
tern rather than strongly non-biological (constant velocity) pattern, which can
be attributed to that the trapezoidal velocity profile had the similar acceleration
and deceleration phases as the minimum-jerk profile.

For the statistical analysis of Experiment 2, the RMS force of each participant
in an trail is defined as:

Frms =

√√√√ 1
N

N∑
k=1

f2
k (5)

where N is the size of sample set, and fk represents the measured force of kth
sample index. As can be seen in Table 2, the mean value of Frms in biological
pattern was 14% smaller than that in weakly non-biological pattern, and 36%
smaller than that in strongly non-biological pattern. This supports that the force
magnitude was smallest when participants followed a minimum-jerk trajectory.
Then we conducted repeated measures analysis of variance (ANOVA) on Frms.
Results showed a significant effect of velocity pattern for interaction force (F(2,
11) = 41.67, p = 0.0001), and the ANOVA also detected the difference between
participants (F(4, 9) = 12.57, p = 0.0016) due to the different baseline levels of
force.

Table 2. Average force and standard deviation of the RMS force for three patterns.

Pattern Biological Weakly non-biological Strongly non-biological

Mean 1.83 2.13 2.88

Std 0.15 0.74 0.80
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Therefore, in robot-dominant mode, better performance were achieved when
participants moved along with the robot that followed a natural minimum-jerk
profile, and the sudden change of acceleration in trapezoidal and constant veloc-
ity profiles resulted in higher and fast changing interaction force. The experi-
ments also showed that the going-along motion with biological velocity pattern
felt more human-like and natural, as human motor system can supply “minimal-
effort” to accomplish the reaching movements following the robot. It can be con-
cluded that the biological velocity profile is the best choice for humans to adapt
in pHRI with robotic motion constraints.

4 Conclusion

Human invariant laws like minimum-jerk model are promising in human motion
prediction, especially to be used in applications like robot-assisted rehabilitation.
In order to answer the question whether the arm motion determined by human
motor control still complies with the minimum-jerk principle when humans phys-
ically interact with robots, we tested two interaction modes (human-dominant
mode vs. robot-dominant mode) in this pilot study.

Experiments with an upper-limb rehabilitation robot named CASIA-ARM
demonstrated that humans were able to perform reaching movements with the
minimum-jerk principle under force constraints, and both visual feedback and
kinaesthetic haptic feedbacks were critical for humans to generate a minimum-
jerk trajectory as in unconstrained situations. Our study also provided exper-
imental evidence that human motor control were better adapted to biological
velocity patterns and smaller interaction force is achieved under motion con-
straints.

In summary, the minimum-jerk principle is a human preferred pattern in
motor control for goal-directed reaching movements, no matter under robotic
force constraints or motion constraints. This conclusion suggests that the invari-
ant laws in free motion can give important insight for physical human-robot
interaction. In the future, as the laws of motion in free motion have positive ref-
erence value to human movement under robotic constraints, we plan to combine
such features into modeling of human motion, intention detection and trajectory
planning in robot-assisted rehabilitation.
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