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Abstract—We present an adaptive force guidance system for 

laparoscopic surgery skills training. This system consists of 

self-adjusting fuzzy sliding mode controllers and switching mode 

controllers to provide proper force feedback. Using virtual 

fixtures, the proposed system restricts motions or guides a trainee 

to navigate a surgical instrument in a 3D space in a manner that 

mimic a human instructor who would teach the trainees by 

holding their hand. The self-adjusting controllers incorporate 

human factors such as different force sensitivity and proficiency 

level. The proposed system was implemented and evaluated using 

the Computer-Assisted Surgical Trainer (CAST). The effects of 

the force guidance system are presented based on the 

experimental test results.  

 
Index Terms—Adaptive systems, assistive technology, force 

feedback, fuzzy control, sliding mode control, surgical training, 

virtual fixtures. 

 

I. INTRODUCTION 

APAROSCOPY, also known as minimally invasive surgery, 

reduces patients’ recovery time, minimizes blood loss, and 

results in less post-operative pain when it is performed by an 

expert surgeon. In a typical procedure a patient’s abdomen is 

insufflated, long, thin instruments and an endoscope are 

inserted through 3-10mm incisions, and the three dimensional 

(3D) operating field is observed on a two dimensional (2D) 

display. Compared to a traditional open surgery, this surgical 

procedure requires specialized training due to the lack of depth 

perception, hand-eye coordination problems, and restricted 

field of view. The Society of American Gastrointestinal and 

Endoscopic Surgeons (SAGES) in the United States designed 

the Fundamentals of Laparoscopic Surgery (FLS) certification 

program to provide a well-defined set of training tasks [1]. This 

program consists of an instructive module to teach basic 

knowledge and a hands-on exam to evaluate trainees’ surgical 

skills. A trainee must complete each task within a maximum 

time limit and meet a set of predetermined requirements (e.g., 
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accuracy in executing a task). The tasks are performed in a 

non-patient based setting, on relatively simple trainers that use 

real surgical instruments and a simple camera setup [1]. 

There are many training devices for surgical medical 

students, residents, and fellows. Inexpensive and simple 

trainers [2]–[4] generally consist of a pelvic box, camera, 

realistic training materials, and two surgical instruments. These 

trainers do not provide any form of learning guidance or 

objective performance evaluation measures. Unlike such 

inexpensive trainers, several Virtual Reality Simulators (VRSs) 

[5]–[7]  exist, which offer visual or audio navigation to assist a 

trainee in executing a surgical exercise. They also have the 

capability to generate assessment reports. In addition, VRSs 

enable a trainee to practice not only the FLS tasks but also more 

complicated surgical procedures using 3D anatomical models. 

Even though several VRSs provide tactile force feedback when 

a trainee touches an object, they do not guide a trainee actively 

like a human instructor. 

In our research, we are developing the Computer-Assisted 

Surgical Trainer (CAST) [8] by incorporating key features 

from both simple trainers and VRSs. CAST provides not only 

realistic training environments such as 3D printed organ 

models, or setups such as the peg board for an FLS task but it 

also incorporates force-based and augmented reality (AR) 

guidance to assist trainees in learning how to execute surgical 

movements in a manner a human instructor would teach a 

trainee. The system has a module to generate sophisticated, 

quantitative and qualitative assessment metrics [9], [10]. Its 

hardware architecture consists of two mechanical fixtures 

which hold actual surgical instruments, a web camera to imitate 

an endoscope, an exchangeable cassette to support a variety of 

practice scenarios, motors to provide force guidance, and 

electronics to support control, sensing, and data collection. Fig. 

1-(a) illustrates the overall setup.    

Force guidance is widely used in prototypes for robotic 

surgery [11]–[15], tele-operation platforms [16]–[18], driver 

support systems [19]–[21], rehabilitation devices [22], [23], 

handwriting assistance systems [24], [25], and cooperative 

systems [26], [27]. Two types of human-machine interfaces – 

tele-operated and hand-on – are typically employed in such 

systems [28]. The tele-operated devices generally consist of 

master and slave devices. A human operator manipulates the 

master device to control the slave device (e.g., a surgical robot). 

Unlike in the tele-operated devices, the hand-on devices share 

an actual tool (e.g., surgical instruments) with a human operator 

while performing tasks.   
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As a hand-on interface, the CAST system and a human 

trainee share surgical instruments as shown in Fig.1-(b). In this 

paper, we propose self-adjusting fuzzy sliding mode controllers 

to assist a trainee effectively in skills practice and acquisition. 

The significance of the work presented here is the ability to 

adjust guidance force for an individual learner, who has 

different force sensitivity and must practice fundamental skills 

of laparoscopy in realistic training environments.    

II. RELATED WORK 

To implement a force guidance system, virtual fixtures can 

be used to design constraint geometries. The virtual fixtures 

were first proposed to implement an assistance system for a 

teleoperation task in [29]. By designing proper geometries of 

the virtual fixtures, force navigation systems can guide or 

regulate motions [28]. Also, shared control that shares control 

authority between a human and a machine can be used in such 

systems. The authority can be fixed (i.e., “static level of control 

authority”) or be varied (i.e. “adaptive authority”) for a specific 

application [20]. 

In [30], the concept of virtual teacher to provide real-time 

performance feedback was introduced. Three mechanical 

contact paradigms – indirect, single, and double – were 

presented to explain a relationship among a hands-on interface, 

an instructor’s hand, and a trainee’s hand. The proposed system 

mimicked a human instructor who would assist a trainee while 

performing a crane-moving task. Similarly, several robotic 

systems were introduced to teach hand-writing [24], [25], [31]–

[33]. In contrast to most robotic tutoring systems for 

hand-writing, a bidirectional assistance system that involves a 

human instructor is presented in [25]. The human instructor 

provides force feedback by manipulating a master device based 

on the instructor’s knowledge. A trainee uses a slave device to 

practice and is also able to adjust movements according to the 

instructor’s feedback.  

In the medical field, force-based guidance systems have been 

proposed to assist a surgeon for tele-operation and 

robot-assisted surgery [12], [13], [34]–[36]. For these systems, 

motion constraints (e.g., a point for targeting and a curve for 

trajectory following) were defined and the corresponding 

controllers were implemented. Also, several surgical simulators 

were introduced for surgical skills training in laparoscopic 

surgery with force-based guidance (tactile feedback or 

navigation) [37]–[41]. To implement these simulators, virtual 

reality technologies were widely used to render training 

scenarios. The main drawback of pure virtual reality-based 

simulators is the lack of tactile force feedback. Clearly, as 

discussed in [42], the haptic tactile force feedback can enhance 

the training experience in surgical training. Several such 

feedback methods are presented in [37]–[39]. A force-based 

navigation – to assist a trainee to traverse a trajectory – system 

using virtual fixtures with virtual reality environments is 

described in [40]. Generally, forbidden region virtual fixtures 

and guidance virtual fixtures are used to assist in learning a 

task. This force guidance system used a PHANToM Omni 

haptic device in place of real surgical instruments. To 

overcome this limitation, Tagawa et al. [41] introduced a 

laparoscopic surgical trainer equipped with surgical 

instruments. In this trainer, force guidance is based on recorded 

expert’s operation information. While a trainee performs a 

particular surgical task, the trainee’s operation is being 

compared to the expert’s one, to provide the proper force 

feedback. Instead of using recorded expert’s motion, dual-user 

haptic training systems can involve a human expert in the 

training procedure for a trainee to learn surgical skills, by 

providing haptic feedback [43], [44].    

To the best of our knowledge, there are no reported training 

devices which offer force-based navigation using a hands-on 

interface with physical reality setups in laparoscopic surgery 

skills training (i.e., not robotic surgery training). Most 

sophisticated training devices use virtual reality environments 

with artificial haptic tactile feedback. Therefore, in this paper, 

we present the design of an intelligent surgical training system 

that employs actual surgical instruments and realistic training 

scenarios and offers force-based guidance effectively by 

considering human factors such as different force sensitivity 

and proficiency. 

III. PROBLEM STATEMENT 

As a surgical training environment, among many tasks, 

CAST provides a set of actions such as move an instrument or 

carry the object to a designated place for a trainee to practice 

basic surgical moves. For each action, the corresponding, 

reasonably short and collision free path is suggested by the 

system when it is needed (e.g., move and carry require a 

recommended path to maneuver a surgical instrument 

properly). In an exercise scenario, a trainee should manipulate 

the instruments so that they follow such a recommended – 

optimal in a surgical context – path. While performing these 

actions, various navigation methods – visual, audio, and force – 

are provided by CAST to assist the trainee in properly 

executing the task at hand. In this paper, we focus exclusively 

on force guidance. To design an effective force guidance 

system, the following assumptions are used. 

• Human is in the control loop. 

• Human and machine share a surgical instrument (i.e., it is 

not a tele-operated interface). 

• Human is a dominant controller (i.e., the role of the force 

guidance system is just to provide force feedback to teach 

a trainee as needed). 

 
Figure 1. (a) CAST and (b) its hands-on interface. 
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• Each individual has different force sensitivity (i.e., an 

adaptive mechanism is required to adjust force). 

• Human operator does not release the instrument while 

performing a particular task (i.e., an extremely huge 

disturbance caused by the human is not considered). 

• Human operator is asked to perform a task accurately 

rather than quickly. 

Our goal is to assist a trainee, rather than to design an 

autonomous “surgical driver”. Therefore, if the human operator 

performs well, the system’s intervention adjusts force only 

minimally so that much more control authority rests with the 

human operator. Conversely, should the operator perform 

badly, the controller is more “aggressive” in providing 

corrective actions through forces exerted on the surgical 

instruments.  

IV. DESIGN OF FORCE GUIDANCE SYSTEM 

A generalized implementation framework to design virtual 

fixtures was introduced in [28]. Our force guidance system has 

been designed based on this framework.   

A. Constraint geometries 

Forbidden region virtual fixtures (FRVFs) and guidance 

virtual fixtures (GVFs) are used for attractive force to minimize 

a deviation and assistive force to help a trainee traverse a 

desired path, respectively.  

Given a target location (𝒑𝑡𝑔𝑡 ∈ ℝ3), a sphere (Fig. 2-(a)) is 

used to generate a FRVF. The target location represents the 

center of the sphere. By defining the radius with the center 

position, the sphere is generated. The outside of the sphere 

represents a forbidden region. An instrument tip can move 

freely inside the sphere. If the tool tip enters the forbidden 

region, the corresponding controller applies attractive force to 

minimize the deviation from the center of the sphere.  

Given a desired path (𝑷 = {𝒑1, ⋯ ,  𝒑𝑚}, where 𝒑𝑖 ∈ ℝ3, 𝑖 =
1, ⋯ , 𝑚) expressed by a set of line segments that consists of 

three-dimensional discrete points, a virtual tube (Fig. 2-(b))  is 

defined by a tube axis and a tube radius. The desired path is 

used to represent the tube axis. The role of the virtual tube is the 

same with the sphere: if a tool tip is inside the tube, the tip can 

move freely. Otherwise, attractive force is applied to minimize 

the deviation from the tube axis. 

The virtual tube geometry is also used to design a GVF as 

shown in Fig. 2-(c). The assistive force is generated inside the 

tube. If the tool tip is outside of the tube boundaries, the 

assistive force should be adjusted to prevent a wrong move. 

B. Controllers 

The control objective is that the system output 𝑥 follows the 

given reference input signal 𝑥𝑑 . The tracking error 𝑒 and its 

change of error ∆𝑒 are defined as follows: 

𝑒(𝑘) = 𝑥𝑑(𝑘) −  𝑥(𝑘), 

∆𝑒(𝑘) =  e(𝑘) − e(𝑘 − 1), 

where 𝑘 represents a discrete time domain. The signed distance 

𝑑𝑠 is defined as follows: 𝑑𝑠(𝑘) = s(𝑘) √1 + λ2⁄  where s is a 

switching line and λ is a slope of the switching line 𝑠. The 

switching line is defined as  

𝑠(𝑘) = λ𝑒(𝑘) + ∆𝑒(𝑘). 

Consider a fuzzy sliding mode controller with a signed distance 

(Sd-FSMC) [45]. The control output 𝑌 and the signed distance 

𝑑𝑠 have the following relationship: 𝑌(𝑘) ∝ 𝑑𝑠(𝑘). 

Two types of controllers to provide both attractive force and 

assistive force are designed based on the above equations. 

1) PD-like fuzzy sliding mode controller 

For force-based guidance systems, a simple proportional 

controller or a proportional and derivative (PD) controller has 

been widely used. Without adaptive features like adjusting 

control gains, it is challenging to take into account each 

individual’s different force sensitivity. Inspired by several 

existing self-tuning fuzzy controllers [46]–[49], we designed a 

PD-like fuzzy sliding mode controller with a scaling factor 

modifier. The block diagram of the proposed controller is 

illustrated in Fig. 3.  

The PD-like fuzzy logic controller can be described as 

follows:  

𝑢(𝑘) = 𝐺𝑢(𝑘) ∙ 𝑈(𝑘), 

where 𝑢 is the final control output, 𝐺𝑢 (0 < 𝐺𝑢 < 𝐺𝑢
𝑚𝑎𝑥) is an 

output scaling factor calculated by the scaling factor modifier 

(SFM), and 𝑈 (−1 ≤ 𝑈 ≤ 1) is the output of Sd-FSMC. 

Fuzzy IF-THEN rules for Sd-FSMC are represented in the 

following form: 

𝑅𝑃𝐷
𝑙 : If 𝑑𝑠  𝑖𝑠 𝐷𝑃𝐷

𝑙 , 𝑡ℎ𝑒𝑛 𝑈 𝑖𝑠 �̅�𝑙, 

where 𝐷𝑃𝐷
𝑙  is a linguistic value to represent a signed distance, 

𝑈𝑙 is a singleton output value (−1 ≤ 𝑈𝑙 ≤ 1), and 𝑙 is a rule 

number. The controller output 𝑈 is obtained from the following 

equation by using a singleton fuzzifier, a product inference 

engine, and a center average defuzzifier.  

𝑈 = ∑ 𝜇𝑃𝐷
𝑙 (𝑑𝑠)𝑈𝑙𝑛

𝑙=1 ∑ 𝜇𝑃𝐷
𝑙 (𝑑𝑠)𝑛

𝑙=1⁄ , 

where 𝜇𝑃𝐷
𝑙 (𝑑𝑠) is the degree of the fuzzy membership function 

and 𝑛 is the number of rules.  

The output scaling factor is updated using the average 

control output (𝑢𝑎𝑣𝑔)  and ∆𝑑𝑠(𝑘) = 𝑑𝑠(𝑘) − 𝑑𝑠(𝑘 − 1) . 

 
Figure 3. Block diagram of PD-like fuzzy sliding mode controller. 

 

 
Figure 2. (a) Sphere and (b) virtual tube for FRVF; (c) virtual tube for GVF. 
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Simple heuristic rules are designed by introducing an additional 

switching line 𝑠𝐺 . 

𝑠𝐺(𝑘) = ∆𝑑𝑠(𝑘) + 𝜆𝐺𝑢𝑎𝑣𝑔(𝑘), 

where 𝜆𝐺  is a slope of the switching line 𝑠𝐺  and 𝑢𝑎𝑣𝑔(𝑘) =

(𝑢(𝑘 − 1) + 𝑢(𝑘 − 2)) 2⁄ . The heuristic rules to adjust the 

output scaling factor 𝐺𝑢 are illustrated in Fig. 4. The rules are 

determined by estimating a human operator’s behavior. For 

instance, when 𝑢𝑎𝑣𝑔  is positive, the expectation of the tip 

movement is decreasing the absolute value of 𝑑𝑠 on approach 

to the switching line 𝑠. Unlike the expectation, if the tip keeps 

deviating from the switching line 𝑠  (i.e., ∆𝑑𝑠  is positive as 

shown in Fig. 4), much stronger feedback force will be required 

so that the scaling factor 𝐺𝑢 should be increased (i.e., a human 

operator applies much stronger force that causes a deviation 

from the desired path. By increasing gain, the operator can 

recognize force feedback so that he or she moves the instrument 

properly.). Also, if the tool tip moves toward the correct 

direction (② and ⑤ in Fig. 4), the scaling factor 𝐺𝑢 should be 

decreased. The heuristic rules are summarized as follows: 

• If 𝑢𝑎𝑣𝑔 > 0 and 𝑑𝑠
𝐺 > 0, then increase 𝐺𝑢. 

• If 𝑢𝑎𝑣𝑔 < 0 and 𝑑𝑠
𝐺 < 0, then increase 𝐺𝑢. 

• If 𝑢𝑎𝑣𝑔 > 0 and 𝑑𝑠
𝐺 < 0, then decrease 𝐺𝑢. 

• If 𝑢𝑎𝑣𝑔 < 0 and 𝑑𝑠
𝐺 > 0, then decrease 𝐺𝑢. 

• If 𝑢𝑎𝑣𝑔 = 0 or 𝑑𝑠
𝐺 = 0, then keep 𝐺𝑢. 

For this operation, the increasing or decreasing factor (ℎ𝐺) is 

calculated based on a signed distance 𝑑𝑠
𝐺 = 𝑠𝐺 √1 + (𝜆𝐺)2⁄ . 

The final  𝐺𝑢 is calculated using the following form 

𝐺𝑢(𝑘) = {
𝐺𝑢(𝑘 − 1) + 𝛼𝐺ℎ𝐺(𝑘),             if  ℎ𝐺(𝑘)≥0 

𝑒𝑥𝑝(𝛽𝐺ℎ𝐺(𝑘)) ∙ 𝐺𝑢(𝑘 − 1),   otherwise  
, 

where 𝛼𝐺 (𝛼𝐺 > 0) is an additive increase gain, 𝛽𝐺  (𝛽𝐺 > 0) 

is a multiplicative decrease gain, and ℎ𝐺  is defined as follows: 

ℎ𝐺(𝑘) = {

𝑑𝑠
𝐺(𝑘) 𝜔⁄ ,                𝑢𝑎𝑣𝑔 > 0

0,                                𝑢𝑎𝑣𝑔 = 0

−𝑑𝑠
𝐺(𝑘) 𝜔⁄ ,             𝑢𝑎𝑣𝑔 < 0

, 

where  𝜔 (𝜔 > 0) is a scaling weight. To adjust the output 

scaling factor effectively, the Additive Increase and 

Multiplicative Decrease (AIMD) algorithm is used. (AIMD has 

been used  effectively for network congestion control and it 

guarantees convergence [50].) For instance, if a tool tip moves 

toward a forbidden region, the control gain should be increased 

gradually to generate strong force. However, if the tip moves 

from the forbidden region to a desired path, the control gain 

will be reduced rapidly in order to provide much more control 

authority to a trainee. 

2) PI-like fuzzy sliding mode controller 

The basic formula of the proportional and integral (PI) type 

fuzzy logic controller (FLC) is as follows: 

𝑢(𝑘) = 𝑢(𝑘 − 1) + ∆𝑢(𝑘), 

where ∆𝑢 is the incremental change of the control output that is 

determined by fuzzy IF-THEN rules. Using this controller, we 

can take into account different force sensitivity because the 

PI-type FLC adjusts control output gradually based on the 

fuzzy rules. However, in order to provide more control 

authority effectively to a trainee when the trainee performs 

well, a modification is required. For instance, consider a 

trajectory following task. When a trainee has difficulties while 

performing, it is better to provide proper force guidance by 

using incremental change. However, if the trainee keeps 

following the trajectory well with reasonable speed which is 

slightly faster than a recommended speed, the PI-type 

controller may sometimes provide resistance force because it 

decreases the absolute value of output 𝑢 and finally changes the 

sign of the control output to reduce the tool tip speed. Instead of 

applying resistance force, the proposed PI-like controller just 

reduces the absolute value of control output (i.e., |𝑢(𝑘)| → 0) 

so that the trainee has more control authority. The block 

diagram of the proposed controller is presented in Fig. 5.  

The PI-like fuzzy logic controller can be described as 

follows: 

𝑢(𝑘) = {
𝑢(𝑘 − 1) + 𝜅 ∙ 𝜂(𝑘) ∙ 𝑑𝑖𝑟(𝑘), 𝜂(𝑘) ≥ 0

𝑒𝑥𝑝(𝛾𝜂(𝑘)) ∙ 𝑢(𝑘 − 1), 𝜂(𝑘) < 0
, 

where 𝑑𝑖𝑟(𝑘) is a unit vector to represent a direction toward a 

reference, 𝜅 (𝜅 > 0) is an additive increase gain, 𝛾 (𝛾 > 0) is a 

multiplicative decrease gain, and 𝜂(𝑘) = ∆𝑈(𝑘) ∙ 𝑑𝑖𝑟(𝑘). ∆𝑈 

(−1 ≤ ∆𝑈 ≤ 1)  is calculated by using Sd-FSMC. The 

direction vector and the multiplicative decrease are used to 

avoid generating resistance force. The direction vector should 

be updated whenever 𝑥𝑑 is changed. For instance, if  𝑥𝑑(𝑘) =
5  for 𝑘 < 5  and 𝑥(0) = 0 , then 𝑑𝑖𝑟(𝑘) = 1  for 𝑘 < 5 . The 

direction vector will be updated as 𝑑𝑖𝑟(𝑘) = −1 for 𝑘 ≥ 5 if 

𝑥𝑑(𝑘)=0 for 𝑘 ≥ 5 and 𝑥(5) = 4.5. 

The corresponding fuzzy IF-THEN rules are represented as 

follows: 

𝑅𝑃𝐼
𝑙 : If 𝑑𝑠 𝑖𝑠 𝐷𝑃𝐼

𝑙 , 𝑡ℎ𝑒𝑛 ∆𝑈 𝑖𝑠 ∆𝑈𝑙, 

where 𝐷𝑃𝐼
𝑙  is a linguistic value to represent a signed distance, 

 
Figure 4. Heuristic rules for the scaling factor modifier. 

  
Figure 5. Block diagram of PI-like fuzzy sliding mode controller. 
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∆𝑈𝑙 is a singleton output value (−1 ≤ ∆𝑈𝑙 ≤ 1), and 𝑙 is a rule 

number. The control output ∆𝑈 is obtained from the following 

equation by using a singleton fuzzifier, a product inference 

engine, and a center average defuzzifier.  

∆𝑈 = ∑ 𝜇𝑃𝐼
𝑙 (𝑑𝑠)∆𝑈𝑙𝑛

𝑙=1 ∑ 𝜇𝑃𝐼
𝑙 (𝑑𝑠)𝑛

𝑙=1⁄ , 

where 𝜇𝑃𝐼
𝑙 (𝑑𝑠) is the degree of the fuzzy membership function 

and 𝑛 is the number of rules. 

3) MD-type controller 

This is a simple controller to decrease the absolute value of 

output rapidly. This controller can be expressed as follows: 

𝑢(𝑘) = 𝛽𝑀𝐷𝑢(𝑘 − 1), 

where 𝛽𝑀𝐷 (0 < 𝛽𝑀𝐷 < 1) is a multiplicative decrease gain. 

V. IMPLEMENTATION OF FORCE GUIDANCE SYSTEM  

In CAST, there are two mechanical fixtures and each fixture 

has a gimbal that allows four degrees of freedom (4 DOF: yaw, 

pitch, roll, and insertion). A trocar is used to insert various 

surgical instruments into a human body while performing 

laparoscopic surgery. The gimbal not only imitates the trocar’s 

functionality but it also facilitates the expression of real 

instrument movements. Currently, we use three motors to 

control yaw, pitch, and insertion axis. However, four encoders 

are used to monitor 4 DOF movement. This setup with the 

forward/inverse kinematics was presented in [51]. 

The following notations are used to implement the force 

guidance system. 

• Instrument tip position: 𝒑𝑡𝑖𝑝(𝑘) ∈ ℝ3 

• Nearest point from 𝒑𝑡𝑖𝑝 on a path: 𝒑𝑛𝑒𝑎𝑟(𝑘) ∈ ℝ3 

• Path direction vector at 𝒑𝑛𝑒𝑎𝑟: v𝑟𝑒𝑓(𝑘) 

• The deviation from the path:  𝑑𝑑𝑒𝑣(𝑘) = ‖v𝑑𝑒𝑣(𝑘)‖ 

where v𝑑𝑒𝑣(𝑘) = 𝒑𝑡𝑖𝑝(𝑘) − 𝒑𝑛𝑒𝑎𝑟(𝑘) 

A. Controllers for attractive force 

The objective of these controllers is to provide force 

feedback for a trainee to minimize a deviation from a reference 

point or a desired path. To accomplish this objective, position 

controllers are implemented. In order to control motors 

directly, the corresponding encoder counter values (𝒒 ∈ ℕ4) 

given a 3D position (𝒑 ∈ ℝ3) are used. 𝒒 is calculated using 

the equation below. 

𝒒 = 𝑔−1(𝒑|𝚯), 

where 𝒒 = (𝑞𝑦𝑎𝑤, 𝑞𝑖𝑛𝑠, 𝑞𝑝𝑖𝑡 , 𝑞𝑟𝑜𝑙) , 𝑔−1  is a function to 

represent the relationship, and 𝚯 is a set of parameters [51]. 

1) Reference generation 

The control reference input 𝒒𝑎𝑡𝑡𝑟  is obtained from a 

reference position 𝒑𝑎𝑡𝑡𝑟  using a specific geometry that 

constructs a FRVF. For attractive force, a sphere or a virtual 

tube is used as constraint geometry.  

Given a target point (𝒑𝑡𝑔𝑡) as the center of a sphere with a 

radius (𝑟), the reference position 𝒑𝑎𝑡𝑡𝑟 is defined as follows: 

𝒑𝑎𝑡𝑡𝑟(𝑘) = {
𝒑𝑛𝑒𝑎𝑟(𝑘) + 𝑟 ∙ (v𝑑𝑒𝑣(𝑘)) 𝑑𝑑𝑒𝑣(𝑘)⁄ , 𝑑𝑑𝑒𝑣 ≥ 𝑟

                                               𝒑𝑡𝑖𝑝(𝑘), 𝑑𝑑𝑒𝑣 < 𝑟
, 

where 𝒑𝑛𝑒𝑎𝑟(𝑘) = 𝒑𝑡𝑔𝑡(𝑘). The expected control actions are as 

follows: 

𝑐𝑡𝑟𝑙_𝑎𝑐𝑡𝑖𝑜𝑛 = {
𝐹𝑟𝑒𝑒, 𝑑𝑑𝑒𝑣 < 𝑟

𝐺𝑢𝑖𝑑𝑒, 𝑑𝑑𝑒𝑣 ≥ 𝑟
, 

where 𝐹𝑟𝑒𝑒  indicates that a human trainee has full control 

authority and 𝐺𝑢𝑖𝑑𝑒  denotes that a controller restricts a 

trainee’s motion. 

To use the virtual tube geometry, the following additional 

terms are defined as follows: 

• Directional path: 𝑷 = {𝒑1, ⋯ ,  𝒑𝑚} where 𝒑𝑖 ∈ ℝ3, 𝑖 =
1, ⋯ , 𝑚, 𝒑1 is the initial point, and  𝒑𝑚 is the goal point 

• Modified nearest point: �̃�𝑛𝑒𝑎𝑟(𝑘) ∈ ℝ3 

• 𝒑𝑛𝑒𝑎𝑟(0) = �̃�𝑛𝑒𝑎𝑟(0) = 𝒑1 

• Distance 𝑤: 𝑤(𝑘) = ‖v𝑛𝑒𝑎𝑟(𝑘)‖ 

where v𝑛𝑒𝑎𝑟(𝑘) = 𝒑𝑛𝑒𝑎𝑟(𝑘) − �̃�𝑛𝑒𝑎𝑟(𝑘) and the next modified 

nearest point �̃�𝑛𝑒𝑎𝑟(𝑘 + 1)  is updated based on 𝒑𝑡𝑖𝑝(𝑘) , 

𝒑𝑛𝑒𝑎𝑟(𝑘), and  �̃�𝑛𝑒𝑎𝑟(𝑘).  

Given �̃�𝑛𝑒𝑎𝑟(𝑘) with a tube radius (𝑟) and a pre-defined 

width (𝑊 ), a virtual rectangle whose center is �̃�𝑛𝑒𝑎𝑟(𝑘)  is 

defined as shown in Fig. 6. The inside and outside regions of 

the virtual rectangle are partitioned into eight areas. The area 

index ( 𝑎𝑟𝑒𝑎 = {0,1, ⋯ ,7} ) is updated using the following 

steps.  

Step 1. 𝑎𝑟𝑒𝑎(𝑘) = 0  // initialize 

Step 2. if (𝑑𝑑𝑒𝑣(𝑘) ≥ 𝑟), then 𝑎𝑟𝑒𝑎(𝑘)+= 4 

Step 3. if (〈v𝑛𝑒𝑎𝑟(𝑘), v𝑟𝑒𝑓(𝑘)〉 ≤ 0), then 𝑎𝑟𝑒𝑎(𝑘)+= 2 , 

where 〈∙, ∙〉 represents the inner product operator 

Step 4. if (𝑤(𝑘) ≥ 𝑊), then 𝑎𝑟𝑒𝑎(𝑘)+= 1 

The following two cases – unidirectional and bidirectional – 

are considered to update �̃�𝑛𝑒𝑎𝑟 .  

Case 1. Given a desired path, the force guidance system only 

allows moving toward the goal position ( 𝒑𝑚). To generate this 

feedback force, �̃�𝑛𝑒𝑎𝑟  is updated as follows: 

�̃�𝑛𝑒𝑎𝑟(𝑘 + 1) = {
𝒑𝑛𝑒𝑎𝑟(𝑘), 𝑖𝑓 𝑎𝑟𝑒𝑎(𝑘) ∈ {0,1,4}

�̃�𝑛𝑒𝑎𝑟(𝑘),                     𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
. 

For instance, if a tool tip is inside of the virtual tube but it 

moves to reverse direction (e.g., 𝒑𝑡𝑖𝑝 is in area 2), �̃�𝑛𝑒𝑎𝑟  will 

keep the previous value to provide attractive force that guides a 

proper movement direction. If a tool tip moves in the forward 

direction but 𝑤 ≤ 𝑊 and 𝑑𝑑𝑒𝑣(𝑘) ≥ 𝑟 (i.e., 𝒑𝑡𝑖𝑝 is in area 4), 

�̃�𝑛𝑒𝑎𝑟  will be updated to provide force feedback to minimize 

the deviation. When a tool tip is in area 5, �̃�𝑛𝑒𝑎𝑟  will keep the 

 
Figure 6. Bounding box area for the attractive force generator’s reference. 
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previous value to indicate that the movement is wrong even if 

the direction is correct. The expected control behavior is as 

follows: 

𝑐𝑡𝑟𝑙_𝑎𝑐𝑡𝑖𝑜𝑛 = {
𝐹𝑟𝑒𝑒,           𝑖𝑓 𝑎𝑟𝑒𝑎(𝑘) ∈ {0,1}

𝐺𝑢𝑖𝑑𝑒,                         𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
. 

Case 2. Given a desired path, a tool tip can move freely 

inside a virtual tube. If the tool tip is moving outside of the 

virtual tube, the controller will generate attractive force. �̃�𝑛𝑒𝑎𝑟  

is updated as follows: 

�̃�𝑛𝑒𝑎𝑟(𝑘 + 1) = {
�̃�𝑛𝑒𝑎𝑟(𝑘),         𝑖𝑓 𝑎𝑟𝑒𝑎(𝑘) ∈ {5,7}

𝒑𝑛𝑒𝑎𝑟(𝑘),                         𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
. 

Unlike the unidirectional case, the modified nearest point will 

be updated in most of the areas. However, if the tool tip keeps 

deviating from the path and  𝒑𝑛𝑒𝑎𝑟  is not in a virtual rectangle 

(i.e., area 5 and 7), �̃�𝑛𝑒𝑎𝑟  will keep the previous value to 

indicate an inappropriate movement. The expected control 

action is as follows: 

𝑐𝑡𝑟𝑙_𝑎𝑐𝑡𝑖𝑜𝑛 = {
𝐹𝑟𝑒𝑒,          𝑖𝑓 𝑎𝑟𝑒𝑎(𝑘) ∈ {0,1,2,3}

𝐺𝑢𝑖𝑑𝑒,                              𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
. 

Using �̃�𝑛𝑒𝑎𝑟 , the reference position 𝒑𝑎𝑡𝑡𝑟 for a virtual tube is 

defined as follows: 

𝒑𝑎𝑡𝑡𝑟(𝑘) = {
�̃�𝑛𝑒𝑎𝑟(𝑘) + 𝑟 ∙ v𝑑𝑒𝑣(𝑘) 𝑑𝑑𝑒𝑣⁄ (𝑘), 𝑓𝑜𝑟 𝐺𝑢𝑖𝑑𝑒

                                               𝒑𝑡𝑖𝑝(𝑘),    𝑓𝑜𝑟 𝐹𝑟𝑒𝑒
. 

2) Switching controller 

A switching controller presented in Fig. 7 is implemented 

using PD-like and MD-type controllers. There are three states 

and each state has its own controller.  A state transition is 

triggered based on control actions. Two more actions, 𝐷𝑖𝑠𝑎𝑏𝑙𝑒 

and 𝐸𝑛𝑎𝑏𝑙𝑒  which are external control signals, are used to 

manage state transitions with 𝐹𝑟𝑒𝑒  and 𝐺𝑢𝑖𝑑𝑒  actions. For 

instance, if a tool tip was in area 5 at 𝑘 − 1 and then the tip 

enters area 1 at 𝑘, the state transition (𝑆1 → 𝑆0) will have 

occurred to provide more control authority to a trainee. Thus, 

control output will be decreased due to the MD-type controller. 

Three independent switching controllers are implemented to 

control yaw, insertion, and pitch axis, respectively. Each 

switching controller has different parameters but the structure 

is the same. 

The reference inputs 𝒒𝑎𝑡𝑡𝑟  for PD-like controllers are 

obtained from 𝒑𝑎𝑡𝑡𝑟. The error 𝒆 is defined as follows: 

𝒆(𝑘) = 𝒒𝑎𝑡𝑡𝑟(𝑘) − 𝒒𝑡𝑖𝑝(𝑘), 

where the encoder counter values 𝒒𝑡𝑖𝑝 are obtained from 𝒑𝑡𝑖𝑝 

and 𝒆 = (𝑒𝑦𝑎𝑤 , 𝑒𝑖𝑛𝑠, 𝑒𝑝𝑖𝑡 , 𝑒𝑟𝑜𝑙) ∈ ℕ4  where 𝑒𝑟𝑜𝑙  is not used 

because there is no motor for the roll axis. To construct 

Sd-FSMC, nine fuzzy rules are used. The rule tables are 

depicted in Fig. 8-(a). Input fuzzy sets and output fuzzy sets are 

also presented in Fig. 8-(b) and Fig. 8-(c), respectively.    

B. Controllers for assistive force 

The objective of these controllers is to provide force 

feedback for a trainee to follow a desired path. Position 

controllers are also implemented using a switching controller 

presented in Fig. 9.  For this assistive force generation, PI-like 

and MD-type controllers are used with a virtual tube geometry. 

Given a desired path with a radius 𝑟, the virtual tube is created. 

The expected control action is as follows: 

𝑐𝑡𝑟𝑙_𝑎𝑐𝑡𝑖𝑜𝑛 = {

𝐶𝑙𝑜𝑠𝑒,                                ‖𝒑𝑡𝑖𝑝 −  𝒑𝑚‖ < 𝛿

𝐹𝑟𝑒𝑒,         𝑑𝑑𝑒𝑣 ≥ 𝑟 ∧   ‖𝒑𝑡𝑖𝑝 −  𝒑𝑚‖ ≥ 𝛿

𝐺𝑢𝑖𝑑𝑒,       𝑑𝑑𝑒𝑣 < 𝑟 ∧   ‖𝒑𝑡𝑖𝑝 −  𝒑𝑚‖ ≥ 𝛿

, 

where 𝐹𝑟𝑒𝑒  represents the fact that the controller reduces 

guidance force to prevent wrong operations and 𝐺𝑢𝑖𝑑𝑒 

indicates that a controller assists a trainee to follow the path. 

Also, 𝐶𝑙𝑜𝑠𝑒 action is generated if the remaining distance from 

𝒑𝑡𝑖𝑝 to  𝒑𝑚 on the path is less than a threshold distance 𝛿.  

The reference position 𝒑𝑎𝑠𝑠 for PI-like controllers is updated 

using the following equation: 

𝒑𝑎𝑠𝑠(𝑘 + 1) = 𝒑𝑛𝑒𝑎𝑟(𝑘) + 𝑣 ∙ v𝑟𝑒𝑓(𝑘) ‖v𝑟𝑒𝑓(𝑘)‖⁄ , 

where 𝒑𝑎𝑠𝑠(0) = 𝒑1 and 𝑣 is a constant reference speed. The 

error 𝒆 is defined as follows: 

𝒆(𝑘) = 𝒒𝑎𝑠𝑠(𝑘) −  𝒒𝑛𝑒𝑎𝑟(𝑘), 

where 𝒒𝑎𝑠𝑠  and 𝒒𝑛𝑒𝑎𝑟  are the corresponding encoder counter 

values for 𝒑𝑎𝑠𝑠  and 𝒑𝑛𝑒𝑎𝑟 , respectively. As in the attractive 

force generator, nine fuzzy rules are used with triangular 

membership functions to characterize the input 𝑑𝑠  and 

singleton membership functions to describe the output ∆𝑈. 

VI. STABILITY ANALYSIS  

The proposed switching controllers are designed to generate 

guidance force under a human-in-the-loop configuration in 

discrete time domain. 

A discrete Lyapunov function is defined as follows: V(𝑘) =
𝑑𝑠

2(𝑘) 2⁄ . Consider the change of V : ∆V(𝑘) = V(𝑘) −

 
Figure 9. A switching controller for assistive force. 

 

 

 

 
Figure 7. A switching controller for attractive force. 

 

 
Figure 8. (a) Fuzzy rules of an Sd-FSMC, (b) fuzzy input membership 

functions, and (c) fuzzy output membership functions. 
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V(𝑘 − 1) = 𝑑𝑠(𝑘 − 1)∆𝑑𝑠(𝑘) + (∆𝑑𝑠(𝑘))
2

2⁄ . If the control 

satisfies 𝑑𝑠(𝑘 − 1)∆𝑑𝑠(𝑘) ≤ − (∆𝑑𝑠(𝑘))
2

2⁄  for ∀𝑘 , then a 

system is stable in the sense of Lyapunov. Because of 

nonlinearity and nondeterministic switching behavior, it is 

challenging to use conventional stability analysis. Therefore, 

we investigate trajectories of the system states to discuss the 

system stability based on multiple Lyapunov stability [52].  

PD-like: Consider the trajectory of the SFM. There are 6 

areas to represent heuristic rules as shown in Fig. 4. For each 

area 𝒜𝑖  where 1 ≤ 𝑖 ≤ 6 , there exist two sub-areas (𝒜𝑖 =

𝒜𝑖
𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒 ∪ 𝒜𝑖

𝑠𝑡𝑎𝑏𝑙𝑒). 𝒜𝑖
𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒 and 𝒜𝑖

𝑠𝑡𝑎𝑏𝑙𝑒 represent an area 

that makes ∆V > 0 and ∆V ≤ 0, respectively. We show that the 

proposed PD-like controller can make a system stable for  ∀𝑘 ≥
𝐾 if the trajectory of the SFM traverses only stable areas and 

|𝑑𝑠(𝑘)| ≤ 𝛿 as 𝑘 → ∞ where 𝛿 is a small positive number for 

∀𝑘 ≥ 𝐾 . To describe the characteristics of the controller, 

consider four cases with a trajectory analysis. 

• 𝑑𝑠(𝑘 − 1) > 0  and ∆𝑑𝑠(𝑘) > 0 : It indicates that 

𝑑𝑠(𝑘) > 𝑑𝑠(𝑘 − 1) > 0 , 𝑢(𝑘 − 1) > 0 , and ∆V > 0 . 

The SFM should adjust 𝐺𝑢  to make ∆V ≤ 0  using the 

corresponding heuristic rule. There are two sub-cases of 

𝑢𝑎𝑣𝑔. If 𝑢𝑎𝑣𝑔 > 0, then the trajectory is in 𝒜1
𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒 . If 

𝑢𝑎𝑣𝑔 < 0 , then the trajectory is in 𝒜3
𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒  or 

𝒜2
𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒 . To make the system stable, the trajectory 

should exit the unstable region within a finite time by 

adjusting 𝐺𝑢. 

• 𝑑𝑠(𝑘 − 1) > 0  and ∆𝑑𝑠(𝑘) < 0 : It indicates that there 

exist areas with ∆V ≤ 0. If 𝑢𝑎𝑣𝑔 > 0, then the trajectory 

is in 𝒜5 or 𝒜6. If the trajectory traverses in 𝒜5
𝑠𝑡𝑎𝑏𝑙𝑒  or 

𝒜6
𝑠𝑡𝑎𝑏𝑙𝑒 , then the controller can make the system stable. If 

𝑢𝑎𝑣𝑔 < 0, then the trajectory is in 𝒜4. If the trajectory 

traverses in 𝒜4
𝑠𝑡𝑎𝑏𝑙𝑒 , then the controller can make the 

system stable as well. 

• 𝑑𝑠(𝑘 − 1) < 0 and ∆𝑑𝑠(𝑘) < 0: It is similar to the first 

case. 𝑑𝑠(𝑘 − 1) < 0 and ∆𝑑𝑠(𝑘) > 0: It is similar to the 

second case. 

There are two switching modes – additive increase (𝑠𝑚𝑖𝑛𝑐) and 

multiplicative decrease (𝑠𝑚𝑑𝑒𝑐) in the SFM. For ∀𝑘 < 𝐾, there 

is a finite number of switching and there exist states of the SFM 

such that ∆𝑉𝑠𝑚𝑥
> 0. However, if 𝑉𝑠𝑚𝑥

(𝑘) ≤ 𝑉𝑠𝑚𝑥
(𝐾) and the 

trajectory always traverses any 𝒜𝑖
𝑠𝑡𝑎𝑏𝑙𝑒  (i.e., ∆𝑉𝑠𝑚𝑥

≤ 0) for 

∀𝑘 ≥ 𝐾, then the proposed controller can make the system 

stable by satisfying |𝑑𝑠(𝑘)| ≤ 𝛿  as 𝑘 → ∞  after time 𝐾 . 

Depending on the tuning parameters and the behavior of SFM, 

there exists a chattering effect. 

In [53], several chattering suppression methods such as 

observer-based, state-dependent gain, and hysteresis loop were 

discussed. Our proposed PD-like controller is a state-dependent 

gain method which adjusts the switching gain to reduce 

chattering. To illustrate the chattering suppression, consider the 

following system (where the sampling interval is 0.05) with the 

three control laws as an example: 

𝑥(𝑘 + 1) = [
0.9988 0.04756

−0.04756 0.9037
] 𝑥(𝑘) + [

0.001209
0.04756

] 𝑢(𝑘), 

𝑢1 = 𝐺0 ∙ 𝑠𝑖𝑔𝑛(𝑑𝑠), 𝑢2 = 𝐺0 ∙ 𝑠𝑎𝑡(𝑑𝑠 𝑑𝑠𝑀𝑎𝑥⁄ ) , and 𝑢3 = 𝐺𝑢 ∙
𝑠𝑎𝑡(𝑑𝑠 𝑑𝑠𝑀𝑎𝑥⁄ ). Where 𝐺0  is a constant switching gain and 

𝑠𝑎𝑡(∙)  is a saturation function bounded by 𝑑𝑠𝑀𝑎𝑥 . 𝑢1  is a 

standard sliding mode control, 𝑢2 is a Sd-FSMC [45], and 𝑢3 is 

our PD-like control. Fig. 10 shows the simulation results when 

𝑥(0) = [1 0]𝑇, 𝐺0 = 0.8, 𝜆 = 0.5, 𝑑𝑠𝑀𝑎𝑥 = 0.2, 𝜆𝐺 = 𝜆 𝐺0⁄ , 

𝛼𝐺 = 0.05𝐺0, and 𝛽𝐺 = 0.3. Unlike applying 𝑢1, both 𝑢2 and 

𝑢3 could minimize the chattering. To show the effectiveness of 

the gain adaptation, let us set 𝐺0 = 114 . The proposed 

controller can adjust 𝐺𝑢 rapidly as well as reduce the chattering 

as shown in Fig. 11. 

PI-like: The proposed controller keeps a sign of 𝑢 unless the 

direction is changed. Assume that there is no direction change. 

If the controller faces  𝑑𝑠(𝑘)𝑑𝑠(𝑘 − 1) < 0 at 𝑘 = 𝐾𝑐𝑟𝑜𝑠𝑠𝑖𝑛𝑔 

(i.e., switching mode from 𝑠𝑚𝑖𝑛𝑐 to 𝑠𝑚𝑑𝑒𝑐  like the SFM), then 

|𝑑𝑠(𝑘 + 1)| ≥ |𝑑𝑠(𝑘)|  and 𝑢 → 0  for ∀𝑘 ≥ 𝐾𝑐𝑟𝑜𝑠𝑠𝑖𝑛𝑔 . It 

indicates that the proposed system violates the multiple 

Lyapunov stability condition [52]. However, the proposed 

controller can meet the following statement: 

𝑉(𝑘) → 𝑉𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑  ∧  𝑢(𝑘) → 0 𝑎𝑠 𝑘 → ∞ (∀𝑘 ≥ 𝐾𝑐𝑟𝑜𝑠𝑠𝑖𝑛𝑔) 

During the surgical training, the direction stays the same for a 

certain amount of time. Therefore, the PI-like controller may 

cause an overshoot instead of chattering due to the 

multiplicative decrease with preserving the sign of 𝑢. 

 
Figure 10. Chattering is reduced by using 𝑢2 (blue) and 𝑢3 (red) 

compared to 𝑢1 (black) with 𝐺0 = 0.8. 

 
Figure 11. 𝑢3 (red) generates less chattering compared to 𝑢2 (blue) 

when 𝐺0 = 112. 
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Switching controllers: Due to fact that a human is a dominant 

controller, the system stability highly depends on the human 

input. In state S1, the controller output 𝑢 should make ∆V ≤ 0 

for a human to make the system stable and ultimately switch to 

S0 or S3. In other states, 𝑢 becomes zero as time progresses, 

therefore the human input determines stability. This human 

input may cause a state transition to S1 and make the system 

unstable as well.  

Inspired by [54], [55], we use a satisficing approach with set 

theory to discuss the system stability under this 

human-in-the-loop condition. The control input, 𝑢, is defined 

as follows: 𝑢 = 𝑢ℎ𝑢𝑚𝑎𝑛 + 𝑢𝑐𝑡𝑟𝑙  where 𝑢ℎ𝑢𝑚𝑎𝑛  is the human 

input and 𝑢𝑐𝑡𝑟𝑙 is the machine input. We define a satisficing 

control input set, 𝑈, to make the system stable as follows: 𝑈 =

{𝑢: ∆𝑉 ≤ 0}. Likewise, the destabilizing set, 𝑈, is defined: 𝑈 =

{𝑢: ∆𝑉 > 0}. 𝑈 and 𝑈 are nonempty for all 𝑥 ≠ 𝑥𝑑 . Also, 𝑈 ∩

𝑈 = ∅ . Consider a special case that 𝑢 ≈ 𝑢ℎ𝑢𝑚𝑎𝑛 (i.e., 

|𝑢ℎ𝑢𝑚𝑎𝑛| ≫ |𝑢𝑐𝑡𝑟𝑙|). In this case, the system stability purely 

depends on the human input. Fig. 12-(a) depicts this case. A 

human operator can manipulate the surgical instrument 

perfectly by applying 𝑢ℎ𝑢𝑚𝑎𝑛 ∈ 𝑈ℎ𝑢𝑚𝑎𝑛 . The unstable 

situation is when he or she applies 𝑢ℎ𝑢𝑚𝑎𝑛 ∈ 𝑈ℎ𝑢𝑚𝑎𝑛. 

For the state S0, let us define a region, 𝑅𝑓𝑟𝑒𝑒, to indicate that 

a human operator has the full control authority: 𝑅𝑓𝑟𝑒𝑒 =

{𝑥: 𝑉(𝑥) ≤ 𝑐𝑓𝑟𝑒𝑒}. In general, there exists an upper bound 𝑐𝑓𝑟𝑒𝑒  

because 𝑢ℎ𝑢𝑚𝑎𝑛   and 𝑢𝑐𝑡𝑟𝑙  are bounded. As time progresses, 

𝑢𝑐𝑡𝑟𝑙 → 0 and the system stability will depend on 𝑢ℎ𝑢𝑚𝑎𝑛. 

Outside of 𝑅𝑓𝑟𝑒𝑒 represents the state S1. In this region, the 

controller will generate 𝑢𝑐𝑡𝑟𝑙 to assist a human operator. The 

controller has two phases, adaptation and post-adaptation, to 

drive 𝑥 to 𝑥𝑑 within a finite time. During the adaptation phase, 

it cannot guarantee ∆𝑉 ≤ 0  but 𝑉(𝑘) ≤ 𝑐𝑎  where 𝑐𝑎  is an 

upper bound for 𝑘 ∈ [𝐾1, 𝐾2] . In the post-adaptation phase, 

there exists a stabilizing input set  𝑈 as shown in Fig. 12-(b). 

𝑢𝑐𝑡𝑟𝑙  can make the system stable by compensating the 

destabilizing 𝑢ℎ𝑢𝑚𝑎𝑛  (i.e., 𝑈 ∩ 𝑈ℎ𝑢𝑚𝑎𝑛 ; gray area in Fig. 

12-(b)). Also, 𝑢𝑐𝑡𝑟𝑙 can make the system unstable due to using 

improper parameters even though applying stabilizing 𝑢ℎ𝑢𝑚𝑎𝑛 

(i.e., 𝑈 ∩ 𝑈ℎ𝑢𝑚𝑎𝑛 ). There exists a case that  𝑢𝑐𝑡𝑟𝑙  cannot 

compensate 𝑈ℎ𝑢𝑚𝑎𝑛  because the machine is an adjunctive 

controller. 

VII. EXPERIMENTAL TESTS RESULTS  

We designed a simple wire transfer task to verify the 

proposed force guidance system. This task consists of four 

basic actions (as shown in Fig. 13), namely: a) move an 

instrument toward a ring, b) grasp the ring (r = 10mm), c) 

carry the ring to a goal position without touching the wire 

(60mm (W) ×42mm (H)), and d) place the ring on a goal 

position. To determine a transition condition (e.g., from move 

to grasp), a reasoning procedure with a color object detection 

method was used. First, a single test user was asked to perform 

this task to evaluate the proposed controllers under a certain 

condition. Second, we evaluated the effectiveness of the 

proposed force guidance with multiple testers. 

A. Experimental setup 

Only single instrument for the right hand was used to 

perform the wire transfer task. DC motors with servo 

controllers (Maxon Motor, Switzerland) were used to support 

the force guidance system. Optical encoders with a data 

acquisition device (US Digital, USA) which enables to 

communicate between a standard PC and servo controllers 

were also used to trace the instrument’s movement. To control 

the motors, a current control method was used by applying a set 

value (𝑢). The set values are limited to [-2000, 2000], [-3000, 

3000], [-3500, 3500] for yaw, insertion and pitch, respectively. 

Due to using a PC as a central processing system, the control 

frequency was relatively slow (i.e., 20 Hz under Windows OS).  

For each action, the following geometries were used to 

generate the attractive force. 

• Move: a tube (𝑟 = 2𝑚𝑚); Grasp: a sphere (𝑟 = 10𝑚𝑚) 

• Carry: a tube (𝑟 = 1𝑚𝑚); Place: a sphere (𝑟 = 20𝑚𝑚) 

The assistive force was generated only for the move action 

using a tube (𝑟 = 5𝑚𝑚) geometry.  

The following key parameters were used for PD-like 

Sd-FSMCs. 

• Range of 𝐺𝑢 : [100, 5000] for yaw, [100, 8000] for 

insertion, and [100, 8000] for pitch 

• Default 𝐺𝑢: 1000 for yaw and 1500 for insertion and pitch 

• λ and 𝜆𝐺 : 0.5 and 1.0, respectively, for all axes 

• 𝛼𝐺: 200 for yaw and pitch; 250 for insertion 

• 𝛽𝐺: 0.2 for yaw, 0.1 for insertion, and 0.05 for pitch 

For PI-like Sd-FSMCs, the key parameters are as follows: 

• λ: 1.0 for all axes 

• 𝜅: 75 for yaw, 100 for insertion, and 225 for pitch 

• 𝛾: 0.8 for yaw, 0.85 for insertion, and 0.8 for pitch 

where all the tuning parameters were determined based on the 

initial experimental results to adjust outputs of the controllers.  

B. Evaluation of the basic operation 

To verify the basic operation of PD-like Sd-FSMCs, grasp 

and carry actions were used. Given a sphere geometry, the 

 
Figure 13. A wire transfer task. 

 

Move

Grasp

Carry

Place

T1

T2

 
Figure 12. Diagrams of the stability analysis for the human-in-the-loop. 

 

𝑈 ≈ 𝑈ℎ𝑢𝑚𝑎𝑛 𝑈 𝑈ℎ𝑢𝑚𝑎𝑛

(𝑏)(𝑎)
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attractive force is generated whenever the tip of the instrument 

is located outside of the sphere. A single tester intentionally 

moves the instrument tip towards the outside of the sphere. 

Whenever the deviation is greater than 𝑟 , the controllers 

generate attractive force to guide a trainee as shown in Fig. 

14-(b). The insertion axis (i.e., y-axis) motion was the dominant 

movement. Therefore, the corresponding control output (𝑢𝑎𝑡𝑡𝑟
𝑖𝑛𝑠 ) 

was applied to minimize the deviation by adjusting the output 

scaling factor (𝐺𝑎𝑡𝑡𝑟
𝑖𝑛𝑠 ) as shown in Fig.14-(c). Due to using the 

sphere surface as a switching surface, the tester could deviate 

more than expected (Fig. 14-(a)).     

To guide a trainee for the carry action, tube geometry was 

used. Given the tube, bidirectional or unidirectional motion was 

allowed by the attractive force. As in the sphere case, the single 

tester was asked to transfer the ring from T2 to T1. During the 

operation, the tester intentionally tried to move backward to 

verify the operation of the controller. The tester could make the 

reverse motion (i.e., move to +x axis) without any restrictions. 

Fig. 15-(b) shows the control outputs. 𝑢𝑎𝑡𝑡𝑟
𝑖𝑛𝑠  was the dominant 

control output to minimize the deviation (Fig. 15-(a)) from the 

desired path. The output scaling factor (𝐺𝑎𝑡𝑡𝑟
𝑖𝑛𝑠 ) was adjusted to 

provide the proper feedback as shown in Fig. 15-(c).     

 As opposed to the bidirectional mode, the force guidance 

system restricts the backward motion to teach a trainee to move 

an instrument toward the goal position under the unidirectional 

mode. Fig. 16 illustrates this unidirectional mode operation. 

When the tester tried to move backward (between 20 and 25 

seconds), the control output 𝑢𝑎𝑡𝑡𝑟
𝑦𝑎𝑤

 was generated to restrict the 

motion. The output scaling factors also were adjusted to 

provide the proper force feedback.   

The operation of the PI-like Sd-FSMC is presented in the 

following section. 

C. Evaluation of the effectiveness of the force guidance 

The key objectives of the proposed controllers are as follows: 

O1) minimize a deviation from a reference by providing 

attractive force, O2) guide a trainee to traverse a desired 

trajectory by providing assistive force, O3) adjust amount of 

force for each individual trainee, and O4) allow much more 

control authority whenever a trainee performs well. To verify 

whether the proposed controllers met the objectives, eight 

testers were asked to perform the wire transfer task four times. 

For each trial, the guidance system used one of the following 

aid methods: no guidance, visual guidance, force guidance type 

1, and force guidance type 2. The order of the aid method was 

determined by a balanced Latin square design method.   

In [56], the authors rendered several visual guidance cues 

(e.g., 2D circle, cube, and post) on a live camera image to assist 

a trainee in instrument navigation. For the visual guidance 

method, we rendered a recommended path, arrows, and posts as 

shown in Fig. 13. Table 1 shows the details of two force 

guidance methods for each action. If a tester dropped the ring or 

“broke” the wire, the test session would stop immediately.     

Two video instructions were played before performing the 

task to illustrate how to use the system and to explain the task. 

While executing, the guidance system collected data to evaluate 

the effectiveness of the proposed system objectively by using 

captured instrument movements and control information. To 

evaluate the system subjectively, the guidance system asked the 

testers questions about the force guidance, specifically: 1) 

While performing this session, did you feel any kind of force 

feedback/guidance? 2) How about force feedback? Is it 

helpful? 3) How about visual feedback? Is it helpful?  

Only three testers could complete the four trials without any 

drops. Table 2 shows the incompletion cases under a certain 

guidance condition. The main cause of the incompletion was 

 
Figure 15. Attractive force for bidirectional mode. From top to bottom: 

(a) deviation from the reference path, (b) control outputs for attractive 
force, and (c) output scaling factors. 

 
Figure 16. Attractive force for unidirectional mode. From top to bottom: 

(a) deviation from the reference path, (b) control outputs for attractive 

force, and (c) output scaling factors. 

 

 

 
Figure 14. Attractive force for sphere geometry. From top to bottom: (a) 

deviation from the sphere center, (b) control outputs for attractive force, and 
(c) output scaling factors. From this figure, red, green, and blue represent yaw, 

insertion, and pitch, respectively for control outputs and output scaling factors. 
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the ring drop (about 25%). The present guidance system 

focused on assisting an instrument movement rather than 

maneuvering a grasper such as opening/closing (attractive force 

for grasp action just minimizes a deviation from the grasping 

point). Therefore, most testers had difficulty using the grasper. 

With force guidance, all testers could have avoided the wire 

drop.  

Four evaluation metrics were used to assess the force 

guidance system. The metrics are as follows: 

• Completion time ratio = (𝐶𝑇𝑎𝑐𝑡𝑢𝑎𝑙 − 𝐶𝑇𝑟𝑒𝑓) 𝐶𝑇𝑟𝑒𝑓⁄   

• Path length ratio = (𝑃𝐿𝑎𝑐𝑡𝑢𝑎𝑙 − 𝑃𝐿𝑟𝑒𝑓) 𝑃𝐿𝑟𝑒𝑓⁄  

• Maximum deviation from a recommended path 

• Average deviation from a recommended path  

where 𝐶𝑇𝑎𝑐𝑡𝑢𝑎𝑙 and 𝐶𝑇𝑟𝑒𝑓  represent the actual completion time 

and reference completion time. Similarly, actual path length 

and reference path length were used. If the ratio is close to zero, 

it indicates that the performance is good.  

 Fig. 17 illustrates box plots to present the effectiveness of 

four guidance methods for the move action. When the guidance 

system provided assistive and attractive force, most testers 

could complete the task quickly without large deviations. Also, 

the path length was managed effectively. Unlike the force 

guidance, the visual guidance did not restrict actual motions. 

Therefore, most testers could not mange path length and 

completion time well even though the visual navigation was 

enabled. In terms of deviations, both visual and force guidance 

methods could minimize the deviations from the ideal 

trajectory. 

 Two examples of force guidance type 1 are depicted in Fig. 

18 and Fig. 19, respectively. If a trainee maintains the deviation 

well (i.e., the instrument tip is inside the virtual bounds), the 

assistive force would be applied to teach the trainee as shown in 

Fig. 18. Otherwise, the force guidance system applies attractive 

force mainly to minimize the deviation most of time as shown 

in Fig. 19. The trajectories are illustrated in Fig. 20-(a) and (b).   

The effectiveness of the guidance methods for the carry 

action is presented in Fig. 21. There was no significant 

improvement in terms of completion time even though force 

guidance was applied. However, most testers could finish 

relatively quickly under the unidirectional guidance mode. The 

bidirectional mode had large time variations due to the system 

 
Figure 18. Example 1 of force guidance for the move action. From top to 

bottom: (a) deviation from the recommended path, (b) control outputs 
for attractive force, (c) output scaling factors, and (d) control outputs for 

assistive force. 

 
Figure 19. Example 2 of force guidance for the move action. From top to 
bottom: (a) deviation from the recommended path, (b) control outputs 

for attractive force, (c) output scaling factors, and (d) control outputs for 

assistive force. 
 

 

Table 1. Force guidance configuration 

Actions Force guidance type 1 Force guidance type 2 

Move 
Attractive +Assistive 

(unidirectional) 

Attractive 

(unidirectional) 

Grasp Attractive Attractive 

Carry 
Attractive 

(unidirectional) 

Attractive 

(bidirectional) 

Place Attractive Attractive 

Table 2. Incompletion cases 

Aid methods 
Ring drop Wire drop 

Grasp Carry Carry 

No guidance 1  2 

Visual 1 1 2 

Force type 1 2 1  

Force type 2 1 1  

 

 
Figure 17. Evaluation metrics for the move action. 
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allowing backward motion. Under both force guidance 

schemes, there were huge improvements for path length and 

deviations. This indicates that the proposed force guidance 

system assists a trainee effectively (i.e., this guidance system 

teaches a trainee how to properly execute movement). Like the 

move action, most testers could maneuver the instrument 

without any restrictions under the visual guidance. The visual 

guidance could not improve any performance metrics unlike 

the progress observed with the move action.  

Fig. 22 and Fig. 23 illustrate two examples of force guidance 

for the carry action. If a trainee had difficulty to maintain a 

proper distance from the wire while carrying the ring, the 

attractive force would be applied to guide a trainee to prevent 

the instrument from hitting the wire as shown in Fig. 20-(c) and 

Fig. 22 (between 10 and 20 seconds). The output scaling factors 

were adjusted to apply a proper amount of force. Because the 

instrument tip was close to the wire most of the time, the output 

scaling factor (𝐺𝑎𝑡𝑡𝑟
𝑖𝑛𝑠 ) for the insertion axis kept increasing and 

finally reached the maximum value. Unlike depicted in Fig. 22, 

a tester could perform well as shown in Fig. 20-(d) and Fig. 23 

(i.e., maintain the reasonable distance between the instrument 

tip and the wire to avoid hitting the wire). Therefore, the 

controllers could minimize the amount of the attractive force to 

provide much more control authority to the tester.      

The subjective evaluation results to verify the force 

sensitivity are presented in Table 3 (where 0 means not at all, 1: 

very weak, 2: weak, 3: moderate, 4: strong, and 5: very strong).   

Most testers reported that the amount of guidance force was 

reasonable enough for both force guidance types. Only one 

tester reported that he could not sense any force while 

performing. This tester might have needed much stronger force. 

Fig. 24 illustrates the overall performance of force guidance 

 
Figure 22. Example 1 of carry action. From top to bottom: (a) deviation 

from the recommended path, (b) control outputs for attractive force, and 

(c) output scaling factors. 

 
Figure 23. Example 2 of carry action. From top to bottom: (a) deviation 
from the recommended path, (b) control outputs for attractive force, and 

(c) output scaling factors. 

 
Figure 24. Example of weak force by subjective evaluation. From top to 

bottom: (a) deviation from the recommended path, (b) control outputs 
for attractive force, and (c) output scaling factors. 

 

 
Figure 20. Instrument tip trajectories (blue line) and desired paths (red 

line). From left top to right bottom: (a) example 1 and (b) example 2 of 

move action; (c) example 1 and (d) example 2 of carry action. 

 
Figure 21. Evaluation metrics for the carry action. 
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type 2 for this tester. All the output scaling factors already 

reached the maximum values around 10 seconds. Therefore, the 

controllers could not generate much more force. However, this 

tester could eventually complete the task (he could not 

complete it without the force navigation, which further 

confirms the utility of our approach for novice learners).   

Table 4 (where 0: not helpful, 1: confusing, 2: moderate, 3: 

helpful, and 4: very helpful) shows subjective evaluation about 

the guidance methods. Most testers reported that the force 

guidance was helpful. This subjective result matches with the 

objective evaluation results. However, some testers reported 

that the visual guidance made them confused. This also 

matches the objective evaluation result.   

VIII. CONCLUSION 

The objective and subjective evaluations based on the initial 

test results indicate that the proposed force guidance system is 

beneficial for the surgical skills training and meets the design 

objectives. Due to using the hand-on interface, it was 

challenging to restrict a non-preferred motion completely (i.e., 

“hard virtual fixturing” [12]). However, the proposed guidance 

system has adaptive features to assist a trainee effectively by 

considering different force sensitivity and proficiency levels.  

While a trainee performs a training task, this guidance system 

could provide instant feedback based on the user’s live 

performance. We are designing a decision process to consider 

learning curves of trainees. For instance, an expert level trainee 

will have full control authorities most of time even though he or 

she could still make small mistakes. Clearly, the guidance 

system will assist a novice trainee more actively to enhance the 

training experience. The decision process will be incorporated 

within the proposed controllers to support this feature.   

 According to the experimental results, the force guidance 

system was not helpful in assisting a trainee to maneuver a 

grasper. To enhance the guidance system, we will consider 

combining various guidance methods such as visual, audio, and 

force. For this augmentation, we will also consider human 

factors (e.g., cognitive aspects) as well.   

An intelligent guidance system to substitute human 

instructors by providing active guidance will not only enhance 

surgical training procedures for manual skills acquisition but it 

is anticipated that it will also result in better surgical outcomes 

and higher patient safety. The proposed force guidance system 

will be improved based on planned large scale human-subjects 

study. Also, the proposed controllers can be used for other 

human-machine interaction applications and skills training 

devices.   
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