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Abstract - When a surgery is shifted from the operating room to the clinic or surgeon's office using the office-based surgical devices, 

the patient is no longer under general anaesthesia (GA) and the patient's motion can affect the performance of the device and even the 

success of the surgery. Specifically for an office-based ear surgical device designed to insert a tube on the tympanic membrane, the 

patient's head motion will affect the success rate of tube insertion. To address this issue, a head motion compensation system based on 

force control with disturbance observer is proposed and developed in this paper and tested on a mock-up system. The results show that 

the system estimates the head motion correctly and facilitates the compensation of the motion to maintain a steady contact force. 
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1. Introduction 
Since mechatronic and robotic systems have the capabilities of providing automatic process and accurate fast motions, 

more and more surgical devices and robots have been designed for assisting the surgeons to carry out the surgeries in a 

more efficient way. In recent years, there are a number of mechatronic and robotic systems have been developed for 

surgical applications such as ear surgery [1], oocyte retrieval [2], eye surgery [3], laparoscopic Surgery [4] beating heart 

surgery [5], minimally invasive surgery [6, 7], etc. 

Significantly, there is a kind of surgical device/robot named “office-based surgical device” designed for 

providing/assisting the surgical treatment in clinic or surgeon’s office. In [1], an office-based surgical device has been 

developed, which is designed for carrying out the surgical treatment to the patient with Otitis Media with Effusion (OME) 

safely and automatically in a single procedure and a short time. OME is a common ear disease arising once there is an 

accumulation of fluid occurs in the middle ear, which will cause hearing loss, body imbalance, discomfort and reduces the 

patient’s quality of life [8]. The surgical treatment for OME is called myringotomy with tube insertion, which makes an 

incision on the tympanic membrane (TM) and inserts a tube in the incision so that the fluid can be drained out. 

Benefiting from the advantages of the mechatronic system, the ear surgical device can allow office-based 

myringotomy with tube insertion and thus it has the advantages of avoiding general anaesthesia (GA), costly expertise and 

equipment, treatment delays. However, when the surgery is shifted from the operating room to the clinic or office by using 

this device, the patient is no longer under GA. As a result, the patient’s head motion will affect the system performance 

(tube insertion success rate) although the procedure time with the device is very short. 

To address the head motion issue, an approach for stabilization is proposed in a previous work [9], combining 

mechanical restraints and physiological engagement. This approach helps to stabilize the device directly and reduce the 

patient’s head motion, but the mechanical restriction on patient’s head may cause the patient discomfort or hurt the patient 

which is not the best solution. 

By revisiting the working process, the tool set of the ear surgical device will bring the tube to touch the patient’s 

tympanic membrane (TM) in the first step. After the touch, if the contact force can be controlled at a certain value then the 

relative motion between the device and the patient’s head or TM can be kept low. Several research works on developing 

the force control-based motion compensation system for medical and surgical devices have been reported in [5] and [10]-

[12], which shows the contact force control can facilitate the motion compensation. However, the response of the force 
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control system may not be fast enough in some applications [5]. Hence, another approach for stabilization is proposed in 

[13] using force and vision feedback which shows a good performance but a camera system is needed. 

The main objective of this paper is to develop a system that can stabilize or compensate the head motion without any 

additional equipments. To this end, a head motion compensation system using force control with disturbance observer is 

developed and tested in this paper. The rest of this paper is organized as follows. First, the ear surgical device is introduced 

in section 2. Next, the details of the head motion compensation system are presented in section 3. In section 4, the system 

is tested and the experimental results on a mock-up system are discussed. Finally, the conclusions are drawn in section 5. 

 

2. System Description 
The setup of the ear surgical device is shown in Fig. 1. It mainly consists of two parts: main device and support arm. 

In the main device, a single-axis linear ultrasonic motor (USM) stage for controlling the tool set movements (cutter 

and holder) along Z-axis and a cutter retraction (CR) mechanism for controlling the cutter movements are employed. A 

highly sensitive force sensor is embedded for measuring the contact force. 

For the support arm, it is a 7-DOF universal arm with a lock for assisting the surgeon to stabilize the device. 

 

 
Fig. 1: Setup of the ear surgical device for OME. 

 

The working process of the surgical device is shown in Fig. 2, which generally has five steps: 

 

 
 

Fig. 2: Working process of the surgical device. 

 

(a) Initialization: locating the desired insertion spot and stabilizing the device; 

(b) Touch detection: moving the tube to touch the TM (driven by the USM stage) upon the trigger of the start 

button; 
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(c) Myringotomy: pushing out the cutter from the holder (driven by the CR mechanism) to make an incision on the 

TM; 

(d) Tube insertion: retracting the cutter just inside the tube (driven by the CR mechanism) and inserting the tube by the 

holder (driven by the USM stage); 

(e) Tube release: retracting the cutter fully inside the holder and withdrawing the tool set (driven by the USM stage). 

Step (b) to (e) are accomplished efficiently and automatically by the surgical device. After step (b), the relative motion 

and the contact force between the tube (on the tool set) and the TM are required to be within a small threshold so that a 

high success rate can be ensured [13]. Due to the usage of the support arm and the linkage between the TM and head, the 

relative motion and the contact force is only affected by the head motion. It is thus important that the head motion can be 

compensated during the working process. 

 

3. Head Motion Compensation 
As mentioned, contact force control can help to stabilize the relative motion between the device and the object. 

Moreover, the head motion (𝑑) can be considered as an external disturbance to the device. Lumping it together with the 

uncertainty (∆𝑃𝑓) due to the slight differences among different TMs, they are treated as a lumped disturbance (𝑑𝑙), which 

can be estimated by a disturbance observer (DOB) [14]. To compensate this disturbance, a control scheme shown in Fig. 3 

is proposed. It comprises the force/position controller proposed in [15] plus the DOB-based motion compensation. 

 

 
Fig. 3: Control scheme of the head motion compensation system. 

 

3.1. Force/Position Controller 
Since the relative position (𝑥) between the tube and the TM is related to the contact force (𝐹), the contact force control 

can be achieved by controlling the relative position. The force/position controller uses a cascade control structure, which 

has a motion controller in the inner loop for controlling the USM stage’s position precisely and a force controller in the 

outer loop for maintaining the contact force at a desired value. 

The motion controller referring to [15] is a composite controller given by (1). A PID (Proportional-Integral-

Derivative) controller tuned by the LQR (Linear-Quadratic Regulator) technique is used as the main controller. A model-

based adaptive friction compensation, including an asymmetric Coulomb friction model-based compensation and a sliding 

mode controller, is designed to compensate the nonlinearity and eliminate the uncertainty. 

 

 
𝑢𝑚(𝑡) = 𝐾𝑝𝑚𝑒𝑥(𝑡) + 𝐾𝑖𝑚∫ 𝑒𝑥(𝜏)𝑑𝜏

𝑡

0

+ 𝐾𝑑𝑚
𝑑𝑒𝑥(𝑡)

𝑑𝑡
 

+[𝜎sign(�̇�) − 𝛿|sign(�̇�)|] + �̂�𝑠sign(𝐸𝑥(𝑡)
𝑇𝑃𝐵) 

(1) 

 

 

where 𝑒𝑥 is the position error, 𝐸𝑥 contains the error states, 𝐵, 𝜎, 𝛿 are the system parameters, 𝑃 is the solution of the 

Riccati equation while calculating the PID parameters: 𝐾𝑝𝑚 = 40.5069 , 𝐾𝑖𝑚 = 160 , 𝐾𝑑𝑚 = 0.0994 , 

�̂�𝑠 = 𝑃𝑟𝑜𝑗(𝜌1|𝐸𝑥
𝑇𝑃𝐵|, �̂�𝑠), 𝜌1 is the adaptive gain and 𝑃𝑟𝑜𝑗(∙) is the smooth projection algorithm. 
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Considering that the friction compensation will cancel most nonlinear part of the USM stage, the PID controller 

mainly deals with the linear part. Thus, the position closed-loop system can be simplified to (2). 

 

 
𝐺𝑚(𝑠) =

𝐶𝑚(𝑠)𝑃𝑚(𝑠)

1 + 𝐶𝑚(𝑠)𝑃𝑚(𝑠)
 (2) 

 

where 𝑃𝑚(𝑠) is the linear model of the USM stage and 𝐶𝑚(𝑠) is the PID controller: 

 

 
𝐶𝑚(𝑠) =

𝑈𝑚(𝑠)

𝐸𝑥(𝑠)
= 𝐾𝑝𝑚 + 𝐾𝑖𝑚

1

𝑠
+ 𝐾𝑑𝑚𝑠 (3) 

 

The force controller is also a PID controller, but to reduce the undesirable noise amplification brought by the pure 

derivation action, the pure derivative action is combined with a first-order low-pass filter to form the PIDF (PID with filter) 

controller: 

 

 
𝐶𝑓(𝑠) =

𝑈𝑓(𝑠)

𝐸𝑓(𝑠)
= 𝐾𝑝𝑓 + 𝐾𝑖𝑓

1

𝑠
+ 𝐾𝑑𝑓

𝑠

𝑇𝑓𝑠 + 1
 (4) 

 

Thus, the outer closed-loop system can be represented by (5). 

 

 
𝐺𝑓(𝑠) =

𝐶𝑓(𝑠)𝐺𝑚(𝑠)𝑃𝑓(𝑠)

1 + 𝐶𝑓(𝑠)𝐺𝑚(𝑠)𝑃𝑓(𝑠)
 (5) 

 

where 𝐸𝑓(𝑠) is the force error, 𝑃𝑓(𝑠) =
𝐹(𝑠)

𝑋(𝑠)
 represents the relation between the contact and the relative position 

between the tube and the TM, 𝐾𝑝𝑓 = 0.58 , 𝐾𝑖𝑓 = 6.72 , 𝐾𝑑𝑓 =0.00724, 𝑇𝑓 = 0.0171  are the PIDF controller 

parameters. 

 

3.2. Disturbance Observer-Based Motion Compensation 
For the lumped disturbance, it can be indicated by (6). 

 

 𝐷𝑙(𝑠) = 𝐷(𝑠) + [𝑃𝑓
−1(𝑠) − 𝑃𝑓𝑛

−1(𝑠)]𝐹(𝑠) (6) 

 

where the disturbance induced from head motion 𝐷(𝑠) is the dominant part of 𝐷𝑙(𝑠) in this application (i.e., 

𝐷𝑙(𝑠) ≈ 𝐷(𝑠) while 𝑃𝑓(𝑠) ≈ 𝑃𝑓𝑛(𝑠)), 𝑃𝑓𝑛(𝑠) is the nominal model without the disturbance and 𝑃𝑓𝑛
−1(𝑠) is the inverse 

of the nominal model. 

For the disturbance observer, referring to Fig. 3, since 𝐹(𝑠) = 𝑃𝑓(𝑠)[𝑋(𝑠) − 𝐷(𝑠)], it is easy to show that the 

disturbance can be estimated by 

 

 𝐷(𝑠) = 𝑋(𝑠) − 𝑃𝑓
−1(𝑠)𝐹(𝑠) (7) 

 

Substituting (7) to (6), we can have 

 

 𝐷𝑙(𝑠) = 𝑋(𝑠) − 𝑃𝑓
−1(𝑠)𝐹(𝑠) + [𝑃𝑓

−1(𝑠) − 𝑃𝑓𝑛
−1(𝑠)]𝐹(𝑠) 

= 𝑋(𝑠) − 𝑃𝑓𝑛
−1(𝑠)𝐹(𝑠) 

(8) 
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As can be seen, 𝑋(𝑠) and 𝐹(𝑠) are measurable and 𝑃𝑓𝑛(𝑠) is defined and identified in [15] which shows 𝑃𝑓𝑛(𝑠) =
24.27𝑠+35.87

𝑠2+7.683𝑠+19
, so the lumped disturbance can be obtained and calculated from (8). 

However, the relative degree of 𝑃𝑓𝑛
−1(𝑠) is less than zero, i.e., 𝑃𝑓𝑛

−1(𝑠) is not proper. To make the DOB proper, a Q-

filter (represented by 𝑄(𝑠)) which normally is a low-pass filter with its relative degree higher than that of 𝑃𝑓𝑛
−1(𝑠) is 

applied. Then, the estimation of 𝐷𝑙(𝑠) is given by (9), which will be fed back to the outer loop of the force/position 

controller for the head motion compensation since controlling the USM stage is the only way to change the relative 

position between tool set and TM. 

 

 �̂�𝑙(𝑠) = 𝑄(𝑠)𝑋(𝑠) − 𝑄(𝑠)𝑃𝑓𝑛
−1(𝑠)𝐹(𝑠) (9) 

 

For this application, 𝑄(𝑠) uses a second-order low-pass filter as shown below. 

 

 
𝑄(𝑠) =

1

𝑠2

𝜔𝑛
2 +

𝑠
𝑞𝜔𝑛

+ 1
 

(10) 

 

where 𝜔𝑛 = 2𝜋𝑓𝑛, 𝑓𝑛 is the natural frequency, 𝑞 is the quality factor. Define 𝑓𝑐 as the cutoff frequency, it has 𝑓𝑐 = 𝑓𝑛 

when 𝑞 = 1/√2, i.e., it becomes second-order Butterworth low-pass filter. 

At the frequency less than the cutoff frequency of the low-pass filter, 𝑄(𝑠) ≈ 1 and then �̂�𝑙(𝑠) ≈ 𝐷𝑙(𝑠); otherwise, 

𝑄(𝑠) ≈ 0 and the filter cuts off the signal (i.e., �̂�𝑙(𝑠) = 0). It is important that the Q-filter is designed properly so that the 

disturbance estimation is fast enough for the application. To design the Q-filter in this application, the two remarks 

presented below provide some guidelines. 

Remark 1: The cutoff frequency (𝑓𝑐) of the Q-filter must be larger than the bandwidth (Δ𝑓𝑑) of the external disturbance 

(i.e., 𝑓𝑐 > Δ𝑓𝑑). 

Remark 2: The cutoff frequency (𝑓𝑐) of the Q-filter should not be greater than the gain crossover frequency (𝑓𝑔𝑚𝑐) of 

the position closed-loop control system 𝐺𝑚(𝑠) (i.e., 𝑓𝑐 < 𝑓𝑔𝑚𝑐). 

For Remark 1, it is to ensure that the head motion can be estimated correctly in its frequency range. 

For Remark 2, since the proposed DOB-based motion compensation is different from the conventional DOB-based 

compensation method in which the estimated disturbance is fed back to the inner loop (to the system input) directly, the 

proposed compensation method requires a condition that the output of 𝐺𝑚(𝑠) should be as close as possible to the input of 

𝐺𝑚(𝑠) (i.e., 𝐺𝑚(𝑠) ≈ 1). To meet this condition, the input to 𝐺𝑚(𝑠) should be within the bandwidth which is below the 

gain crossover frequency of 𝐺𝑚(𝑠) (because 𝐺𝑚(𝑗𝜔) ≈ 1, ∀𝜔 < 2𝜋𝑓𝑔𝑚𝑐). 

 

4. Experiments and Results 
To validate the performance of the proposed head motion compensation system, an experimental setup is used as 

shown in Fig. 4. A mock-up system, consisting of a Poly Ethylene (PE) mock membrane with similar characteristics to the 

TM and another USM stage for providing the simulated head motion, is set up and used in the tests. 

 

 
Fig. 4: Experimental setup and mock-up system. 
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From [13], it is reported that the human head motion is within the bandwidth of about 0.1Hz and the maximum 

amplitude of ±1mm when the patient is in a proper lying position. Based on Remark 1 and Remark 2, the Q-filter 

parameters are chosen as 𝑓𝑛 = 4Hz and 𝑞 = 0.707. The desired contact force is 0.04N. 

During the tests, different sine wave motions are used as the simulated head motions. Table 1 shows the maximum 

absolute error and the root-mean-square (RMS) error of the disturbance estimation (where the estimated error is defined 

as  �̅� = �̂�𝑙 − 𝑑𝑚, 𝑑𝑚 is the simulated head motion which can be given by the linear encoder on second USM stage). As 

can be seen, the estimated disturbance can match the actual disturbance correctly. The accuracy is more than 90% and the 

small difference may be due to the system uncertainty (which is not included in the estimated error). 

 
Table 1: Disturbance estimated error by the DOB. 

 

Sine wave 
Frequency 0.05Hz 0.05Hz 0.1Hz 0.1Hz 0.2Hz 0.2Hz 

Amplitude 0.5mm 1.0mm 0.5mm 1.0mm 0.5mm 1.0mm 

max(|�̅�|) 24.6µm 32.6 µm 32.5µm 66.8µm 47.3µm 83.2µm 

RMS(�̅�) 13.2µm 18.8µm 18.7µm 33.0µm 29.5µm 54.1µm 

 
Table 2: Comparisons between the force control with and without DOB. 

 

Sine wave Force control only Force control with DOB 

Frequency Amplitude max(|�̅�|) RMS(�̅�) max(|�̅�|) RMS(�̅�) 

0.05Hz 0.5mm 0.0087N 0.0051N 0.0054N 0.0016N 

0.05Hz 1.0mm 0.0121N 0.0083N 0.0102N 0.0020N 

0.1Hz 0.5mm 0.0123N 0.0081N 0.0106N 0.0023N 

0.1Hz 1.0mm 0.0212N 0.0146N 0.0140N 0.0027N 

0.2Hz 0.5mm 0.0201N 0.0141N 0.0129N 0.0033N 

0.2Hz 1.0mm 0.0386N 0.0267N 0.0194N 0.0044N 

 

 
Fig. 5: System performance at 0.1Hz, ±1mm sine wave motion. 
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Table 2 shows the force error information of the force control with and without DOB under different motions. Fig. 5 

shows the system performance with different methods when the sine wave motion frequency is 0.1Hz and amplitude is 

±1mm. As can be seen, the contact force cannot be kept at the desired value without the force control. Once the force 

control is applied, the force can be controlled but it is still affected by the disturbance. After the DOB-based motion 

compensation is added, the force errors are greatly reduced (RMS errors are reduced by 68% to 83%) for all disturbed 

motions. 

 

5. Conclusion 
In this paper, a head motion compensation system based on force control plus DOB-based motion compensation is 

proposed, developed and tested. To validate the performance of the proposed system, a mock-up system simulating the TM 

and the head motion is used. The experimental results show that the DOB can estimate the head motion correctly and the 

proposed system can greatly compensate the head motion. Thus, the contact force and the relative position between the tool 

set and the TM can be maintained within a small range. 

Furthermore, some future works are shown as follows. The real human head motion data can be input to the mock-up 

system for the performance validation. The adaptive and learning control algorithms can be also considered in this system 

to improve the motion compensation performance. 
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