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Abstract— This paper presents a gesture-based variable
impedance control approach for haptic guidance in human-
robot interaction. In this approach, applied forces have adap-
tively been calculated in real time with respect to gestural
differences between user motions and reference models. A
virtual task has been segmented into primitive gestures and
reference hidden Markov models (HMMs) have been trained
according to these gestures. Our approach is partially task
independent and robust to spatial variation of gestures due
to the HMM-based segmentation scheme. Our experimental
results show that the variable impedance control can effectively
improve user performance in the presence of human behavior
uncertainty during a collaborative task. This model-based
haptic guidance could be extended to provide haptic guidance
in real-time skill assessment, sport training, and rehabilitation
exercises.

I. INTRODUCTION

Haptic guidance is a shared control algorithm that guides
a user to complete a human-robot collaborative manipulation
task. This algorithm helps the user to move a tool along a
specific pathway or toward a target in the completion of the
task [1], [2].

In such a physical human-robot interaction (pHRI) [3], it is
required to generate variable impedance control gains based
on the unpredictable and non-linear behavior of the users [4].
In previous studies, haptic guidance control gains have been
selected as constant values [1], [5] or adaptively generated
for a task [4], [6]. However, more precise human behavior
modeling is required to generate variable haptic guidance in
real-time pHRI.

Expert skill models must also be developed and used as
reference models for force calculation in real time. This
encourages trainees to correct their motions and to improve
their performance based on the expert skill models.

We have developed a haptic guidance approach for mini-
mally invasive surgery (MIS) training. Since an MIS training
system is a pHRI system, haptic guidance could be a suitable
training approach for MIS as a skill-based practice. An MIS
task has been divided into several subtasks or primitive
gestures for precise skill modeling. Several studies have
developed HMMs to evaluate MIS skill levels [7], [8]. The
developed HMMs have mainly been used in off-line MIS
skill assessment. However, in order to provide haptic guid-
ance for training purposes, the models need to be applicable
for real-time variable control gain calculation.
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Although this study focuses on the haptic guidance for
MIS training, it has the potential to be extended to a
broader range of applications, including real-time MIS skill
assessment, sport training, and rehabilitation exercises. For
example, the gestures of a trainee are important in many
sports, such as tennis, golf, and baseball. This approach may
be used to improve the gestures of the trainees based on
a developed model from an expert athlete. This approach
could also give the patients with disabilities the opportunity
to compare their rehabilitation performance to a model of
a healthy person. The expert models can be used to reduce
face-to-face on-site therapy and recovery time.

II. MODEL-BASED VARIABLE IMPEDANCE
HAPTIC RENDERING

Our approach uses the gestural differences as sources of
disagreement between human and robot to produce adaptive
haptic guidance. Guidance control gains have adaptively
been calculated throughout the task with respect to the
changes in user gestures. Fig. 1 (a) shows the architecture
of our adaptive haptic guidance approach. In this approach,
HMMs have been trained to model the motions of experts
as reference models. The motions of a novice trainee have
been segmented into primitive gestures (Gesture-based Seg-
mentation block). Then, HMM-based similarities between
each gesture of the trainee and the related model have been
measured (Gesture Similarity Estimation block) and used in
the generation of variable stiffness gains (KV ).

III. RESULTS AND DISCUSSION

Our experimental setup includes an MIS tool attached to
a Phantom Omni haptic device and a virtual environment
(VE). Four Bakis [7] HMMs with 15 states and 92% accuracy
have been trained for four primitive MIS gestures: right, up,
left, and down. The training data has been collected from
two subjects during 10 trials of a virtual reference task as
shown in Fig. 1 (e). Fig. 1 (f) shows a test task that has
been developed and used in our experiment to examine the
robustness of the approach. In Fig. 1, the preliminary results
of two subjects are presented for three conditions: haptic
guidance with variable stiffness (HG+VS), haptic guidance
with constant stiffness (HG+CS), and no haptic guidance
(NHG). The average value of the generated stiffness gains
after 10 trails has been used in HG+CS. The performance
metrics used in this study are the task completion time, mo-
tion smoothness, and path length. These metrics have widely
been used for surgical performance measurement in VEs [9].
Shorter task completion time, lower motion smoothness, and
smaller path length represent better performance [7].



Fig. 1. (a) The schematic diagram of the gesture-based adaptive haptic guidance approach. HMMs in Gesture-based Segmentation recognize primitive
gestures. Gesture Similarity Estimation generates a variable stiffness gain (KV ) based on the similarities between the current user gesture and its related
reference model. The Adaptive Haptic Guidance calculates forces to guide the user through a reference path. Features include the position, velocity, and
acceleration of the robot. (b), (c), and (d) present the means and standard errors of the performance metrics across all subjects for three modes, including
haptic guidance with variable stiffness (HG+VS), haptic guidance with constant stiffness (HG+CS), and no haptic guidance (NHG). Both haptic guidance
methods (HG+VS and HG+CS) decrease the completion time and path length, but both increase the motion smoothness in comparison with NHG mode.
(e) illustrates the training path, which has been used to develop HMMs. (f) shows the reference and the performed paths during the task execution in
HG+VS mode for one subject. As shown in (g), the approach has produced variable stiffness gains in real time based on the gestural differences.

The means and standard errors across all subjects are
shown in Fig. 1 (b), (c), and (d). For HG+VS and HG+CS
modes, the task completion time and path length have been
reduced. However, the motion smoothness has been in-
creased. HG+VS method shows a better motion smoothness
compared to the HG+CS. The average time for HG+VS is
higher when HG+CS is provided and smaller for NHG. A
similar trend has been reported in Li and Okamura study [5]
when subjects performed a curve following task.

The lower similarities lead to the generation of higher
stiffness gains. The result for one of the subjects has been
selected to better show the function of the approach. Fig. 1 (f)
presents the reference path and the performed path during the
task completion. Fig. 1 (g) shows the variable stiffness gains
(HG+VS) in real time for this subject. The corresponding
parts of the performed path and the calculated stiffness gains
are labeled with similar numbers in Fig. 1 (f) and (g). The
parts 5, 6, and 7 of Fig. 1 (f) show that the subject does
not perform the task with correct gestures that has lead to
higher stiffness gains, presented in Fig. 1 (g). A similar trend
is observed for the other labeled parts of Fig. 1 (f) and (g).

IV. CONCLUSIONS

A gesture-based approach has been presented that adap-
tively calculates the haptic guidance control gains in surgical
skill improvement. The haptic guidance control gains are
variably adjusted in real time to calculate smaller force
values if the motion is more similar to the reference. The
results show that where the user gestures are less similar,
the provided scale of the guidance force increases.

Model-based haptic guidance could be a powerful tool for
the training of skill-based tasks, such as surgery. In order to
develop a platform for such trainings, human-based shared

control approaches with the purpose of guidance should be
employed. Real-time guidance based on human behavior
anticipation is a promising approach in pHRI.

This training environment could be extended and applied
to many other skill based tasks and their training to transfer
skills from an expert to a novice. Our proposed approach
may be applied in order to adjust the scale of the guidance
force to the level of expertise of the users as a measure of
their similarity with the reference expert. To further evaluate
our approach, extensive human testings are required.
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