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Abstract 

 

In this work, we address two problems concerning flexible tubes such as the ones 

used in endoscopy. In the first problem, we use a shape estimation algorithm to 

simulate the shape of the entire endoscope during endoscopy. In the second problem, 

we explore a method to predict the location of point forces acting on the tube during 

endoscopy. Strain measurements made at a few discrete locations on the tube are used 

as input for both shape estimation and force-location prediction. 

A suitable strain interpolation method is explored to capture all the necessary 

information for the aforementioned two problems. For the first problem, we 

implemented in both 2D and 3D a shape estimation algorithm based on differential 

geometry methods. Through experiments we show that the developed shape 

estimation method can reconstruct the shape with errors no more than 20%. For the 

second problem, we look at the nature of the derivatives of the interpolated strain 

values. As the derivative of the strain is proportional to the shear force, we identify 

the locations of the applied point forces by looking for discontinuities in the strain 

derivative. Furthermore, we develop graphical visualisation method using OpenGL 

libraries to render the shape of the endoscope in real time. Implementation and error 

analysis of the shape estimation algorithm, validation of the force-location predicting 

method, and the visualisation module comprise the paper. 

Keywords: Endoscopy, Endoscopic simulator, Strain interpolation. 

1 Introduction 
In this paper, we present a shape estimation method for endoscopy using strain 

measurements. We also explore a method to predict the location of the point forces on 

the endoscope.  
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Endoscopy is a minimally invasive procedure where a flexible tube is inserted 

through the digestive tract for medical examination, and lately also for surgical 

procedures [1]. The flexible tube is referred to as an endoscope. Fig. (1a) shows an 

illustration of the endoscope.  Physicians performing endoscopy rely on the view from 

the camera attached to the distal end of the endoscope and the intuition of the shape 

information for manipulating endoscope inside the Gastrointestinal (GI) tract. During 

endoscopy, there is a chance of prodding the stomach surface too hard leading to 

discomfort and injuries to the patient. The endoscope also tends to loop inside the 

stomach requiring the physician to 'shorten the scope length' while performing the 

procedure [2, 3].   

Fluoroscopy is a commonly used technique for visualizing the endoscope inside 

the GI-tract [4]. A fluoroscopy image obtained during one such procedure is shown in 

Fig. (1b). Fluoroscopy is an imaging technique that uses X-rays to obtain real-time 

moving images of the internal structures of a patient through the use of a fluoroscope. 

In  [5], Adler notes the shortcomings of fluoroscopy: “Proficient use of fluoroscopic 

hardware requires skill and practice”. Furthermore, radiation exposure in not advisable 

and has to be minimised [6]. Owing to these problems, a real-time non-invasive 

endoscope visualisation system that does not use radiation would greatly aid in 

endoscopy. 

Shape estimation system developed in this work has the potential to provide a 

complete view of the endoscope as the procedure is being performed. Furthermore, 

this shape estimation module will complement a virtual reality-based endoscopic 

simulator with haptic feedback [7, 8]. In a training simulator, it is important to guide 

the trainee to perform effective movements of the endoscope [9-12]. Test cases can be 

created by recording the path followed by the endoscope while a skilled operator is 

performing the procedure. These test cases can be used to train the novice 

gastroenterologists. In addition, the haptic system would greatly benefit from real 

force and position measurement data.  

It is reasonable to assume that forces exist on the endoscope inserted into the GI 

tract only at the points where the endoscope touches the walls of the GI tract. In view 

of this, we attempt to predict the location of forces based on the strain information.  

With this method, force and its location information can be estimated from a real 

endoscopy procedure. With the knowledge of the forces and their locations, the 

simulator will be able to effectively replicate the forces as in a real endoscopy. 

Computation of the magnitudes of the forces applied on a flexible tube undergoing 

very large displacements is presented [13]. 

Strain acquisition during endoscopy has to be done non-intrusively. Piezoresistive 

strain gauges require external wiring and tend to be bulky. Fiber Bragg Grating (FBG) 

sensors are most suited for this application due to their small size (about 250 microns 

including the plastic jacket) as well as their non-electric nature. Deformation sensing 

method using FBG sensor net to get a real-time display during colonoscopy was 

discussed by Yi et al. [14] The sensor net is embedded into the biopsy channel of the 

endoscope and from the wavelength shift of the FBG, strains at the grating locations 

on the endoscope can be estimated. The strain measured at discrete locations are used 

to estimate the shape of the endoscope. 

Techniques to interpolate the discrete strain values are available [15, 16]. Cubic 

spline interpolation is used in this work, as they gave us good interpolation without 

oscillations. For shape reconstruction, considering large deformations, beam model is 

used to extract curvatures the from strain data. Finally, 2D and 3D shape reconstruction 

methods that are based on differential geometry are discussed.  
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 To predict the location of forces on the endoscope, we look at nature of strain 

along the length of endoscope. Non-differential points (cusps) in the interpolated strain 

indicate the locations of point forces because the derivative of the strain in a beam is 

proportional to the shear force. Therefore, we use and compare both cubic spline 

interpolation and Chebyshev interpolation techniques for capturing the cusps in strain 

values.  

 In the remainder of the paper is organised as follows. We give an overview of the 

strain acquisition system in Section 2. The strain interpolation method is discussed in 

Section 3. This is followed by Section 4 in which the shape reconstruction algorithms 

are presented. Section 5 briefly describes the visualization method. In Section 6, a 

method to predict the location of forces on the endoscope tube is developed. 

Concluding remarks are in Section 7. 

2 Shape Estimation 

Shape estimation method has three major steps. The first step involves strain 

acquisition by measuring discrete strain values along the endoscope. This is followed 

by the interpolation step where the measured strains are interpolated along the length 

of the endoscope. The final step is the shape reconstruction algorithm that estimates 

the shape of the endoscope.   

2.1 Strain acquisition  

In this work, strain acquisition is explored using both FBG sensors and strain gauges. 

Fig. (2b) shows the setup for strain measurement using FBG sensors. It consists of an 

interrogator coupled with a data acquisition system that reads the frequency shift in 

real time. Laser light is sent through the optical fiber that is etched with gratings at 

certain intervals along its length [17]. Up to eight sensors can be written on a single 

optic fiber at 10 cm interval, allowing strains to be measured at eight discrete locations. 

Four such optical fibers can be placed along the periphery to obtain strains in four 

 
(a)                                               (b) 

Figure 1: (a) Illustration of the endoscope (b) Profile of the endoscope with 

fluoroscopy. 
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different directions, as shown in Fig. (2a). Sensors were written on the optical fiber 

using a mask and Krypton Fluoride (KrF) laser [18]. 

 In our preliminary experiments, the sensors were directly bonded onto the 

endoscope. However, the neutral axis is not at the center of the endoscope and the 

strains will be different for bending in different directions. Also, the rubber tubing at 

the surface may not transfer actual strain based on bending theory. As seen in Table 1, 

the errors in curvature estimation are very high in this configuration. Hence, we 

bonded the sensor onto a nitinol (a nickel titanium alloy) wire. The dimension of the 

nitinol wire (1.2 mm) is small enough to be passed through the biopsy channel of the 

endoscope. This gave good results for curvature estimation as shown in Table 1. 

Bonding the sensors on the wire is not easy as the fragile FBG sensors tend to 

break. We are exploring other methods of bonding the sensors to facilitate ease of 

handling and operation. Hence, although FBG sensors are most suited for shape 

estimation application, strain gauges are used in this work for the experiments. Strain 

gauges are robust and easy to handle in ex vivo experiments.  

2.2 Strain Interpolation 

Strain is measured at discrete points (typically around five to eight) along the length 

of the endoscope. A good shape reconstruction algorithm requires the interpolated 

values all along the length of the scope. Higher order interpolation using a global 

polynomial often exhibits oscillations leading to errors. From our experiments with 

 

      (a)        (b) 

Figure 2: (a) Experimental setup to measure strain using FBG sensor. (b) Four 

optical fibers with gratings at regular intervals. 

 
Table 1: Estimated strains and bending radii with FBG sensors  

  Actual Radius 

of Curvature 

(mm) 

Measured 

Strain 

(μstrain) 

Calculated 

Radius of 

Curvature (mm) 

Error  

(%) 

Mounted on 

the 

endoscope 

164 3600 1404 756 

130 4000 1247 859 

96 4900 1012 954 

Mounted on 

nitinol   
164 3800 158 -3.6 

154 4100 147 -4.5 

141 4600 130 -7.8 

 



2nd International and 17th National Conference on Machines and Mechanisms  iNaCoMM2015-80 

 

5 

 

strain data, cubic splines showed reduced oscillations and interpolated strains with 

good accuracy. While higher order polynomials were considered to ensure a degree of 

smoothness, it was seen that quartic or higher order splines exhibit instabilities. 

Therefore, we employ cubic splines to interpolate strain values. We refrained from 

using in-built functions and implemented the interpolation method in both 

MATLAB and VC++. This gave us better control over the data and allowed us to 

readily use the interpolation method with other aspects of the shape estimation 

method.  

We fit a system of cubic spline for the strain 
1 2, ,...., n    given at n  points 

1 2, ,...., nx x x . Here, x  is the position along the endoscope. 

Cubic spline for any point x  is given as  

   2 3

1( ) ( ) ( )j j j j j j j j j jx x x x x xx x xx             (1) 

where 1,2,.., 1j n     

We use the properties of the cubic spline: 

 j  interpolates all data points, so ˆ( )x
j j j j

     for 1, 2, ..., n 1j     

 The cubic spline is continuous at interior points, ( ) ( )
1

x x
j j j j

 


 for 

1, 2, ..., 2j n    

 The function has first order continuity, ( ) ( )
1

x x
j j j j

  


 for 1, 2, ..., 2j n    

 The function has second order continuity, "( ) "( )
1

x x
j j j j

 


 for 

1, 2, ..., 2j n    

We compute a cubic spline by calculating the coefficients j,( , , )j j j    for

1 ( 1)j n   .  

2.3 Shape Reconstruction 

A 2D algorithm using circular arc segments and a 3D algorithm using helical arc 

segments are developed as a part of shape reconstruction using curvature. Curvature 

information for each finite segment of the endoscope can be obtained from the strain 

based on the beam model. 

 /y    (2) 

where   is the radius of curvature, y is the distance of the sensor from the neutral 

plane, and   the strain in the segment. 

2.3.1 2D method using circular arc segments 

Endoscope shape can be reconstructed by marching from point ( , )i ix y  to point

1 1( , )i ix y  along the length of the endoscope as shown in Fig (3). In the 2D case, the 

length of the endoscope is divided into finite segments, dL . Each segment is 

considered to be a circular arc of radius equal to the radius of curvature,  . The 

angle subtended by the arc segment is given by 

 /d dL    (3) 



2nd International and 17th National Conference on Machines and Mechanisms  iNaCoMM2015-80 

 

6 

 

where dL = length of segment. The successive increments along the x-axis and the 

y-axis are given by 

 
sin ( )

(1 cos( )

dx d

dy d

 

 



 
  (4) 

Piecewise integration can be carried out along the length of the beam to compute

x , y  and  . However, Eqs. (3) and (4) assume that d is measured from zero angle. 

This is not true for successive segments along the length. Therefore, we rotate dx  

and dy by 
sumd , which is the sum of d  up to the previous segments. The new 

points 
1 1( , )i ix y 

are computed as 

 

1

1 1

( )
i i

z sum

i i

x x dx
R d

y y dy




 

     
      

       (5) 

In order to verify the 2D algorithm, standard parametric curves were used. 

Curvature was obtained from the parametric equation of the curve. This was used in 

lieu of strain to construct the shape. Fig. (4) compared the reconstructed shapes for 

some representative curves. This method works well for any 2D curve and is fast as 

it takes less than 0.05 s for any 2D curve. 

2.3.2 3D method using helical segments 

In the 3D case, the curve is assumed to be made up of helical arc segments. We use 

the property of the helix which has constant curvature and constant torsion. We obtain 

these torsion and curvature values from the corresponding strain values. Our approach 

is to march from point 
i

P   to 
i+1

P  by considering this to be a helical segment.  

A point in the helical segment can be defined by 

 ( cos , sin , )c    P   (6) 

where,   

 
(a) (b) 

Figure 3: Model of 2D shape reconstruction. (a) Circular arc sections depicting central 

angle corresponding to the strain, (b) Marching increments based on differential 

geometry. 
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2 22 2

,,
dL

c
c

 
 

   
  

 
  (7) 

where   is the curvature,   is the torsion and dL  is the length of the segment. 

Eq. (6) is valid for helical segment with origin as the center and Z- axis as the axis 

of the helix. However, each helical segment in shape re-construction has a different 

center and axis of rotation. We find the center of the helical segment by marching 

along the normal, N  from point 
i

P  by a distance equal the radius of curvature,  . As 

shown in Fig. (5), a local co-ordinate system is created at this center, 
i

C .  

Now, to find the axis of the helix we observe that the tangent, T  of the helix 

makes a constant angle with the axis of the helix. This angle   is given by 

 
1

2 2
cos

c

c





 
 
  

  (8) 

Therefore, we can find the axis of the helix by rotating the tangent T   by an angle 

   in the clockwise direction about the normal, N . Now we draw the helical segment 

in the local coordinate system and transform the helical segment to the global 

coordinate system. The new point 
i+1

P  in the global coordinate system is given by 

 
     (a)            (b) 

Figure 4: Parametric 2D curves. (a)
2 3,x t y t  , (b) cos , sinx a t y b t    

 

 
Figure 5: Marching from iP  to 1iP  for 3D reconstruction. 
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i+1 i i

P R P C   (9) 

where R  is the rotation matrix to transform the point from local coordinate system 

to global coordinate system.  

The algorithm is used to reproduce a standard curves from their parametric 

curvature and torsion as shown in Fig. (6). The RMS error corresponding to the 

reconstruction algorithm is always observed to be less than 0.01. 

2.4 Visualization 

The reconstruction algorithm is interfaced with an interactive visualisation platform 

using OpenGL libraries. OpenGL interface is used to graphically render the calculated 

shape. It is coupled with VC++ and can be interfaced with the other aspects of the 

simulator. With OpenGL, we build the desired model using geometric primitives like 

points and lines. We can also render the desired texture to the visualisation. The 

interactive platform has a console window to input strain values. Fig. (7) shows one 

such visualisation with the virtual model of the stomach.  

2.5 Experiments 

The shape estimation system developed in this work is verified using experiments 

using strain gauges. The strain gauge is embedded on a spring steel strip of thickness 

0.5 mm. Four strain gauges (350  , Gauge factor = 1.3) are mounted on the strip at 

regular intervals. A Wheatstone bridge network with the strain gauge as one of its arms 

 
    (a)          (b) 

 
(c) 

Figure 6: Parametric 3D curves. (a) cos , sin ,x rt t y rt t z t   , (b)

2 3

, ,
2 6

t t
x t y z   , (c) cos , sin ,x r t y r t z ct     
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is constructed. dSPACE is used for data acquisition and voltage-to-strain conversion. 

Measured strain was integrated into the visualization algorithm. Fig. (8) shows one 

such experiment and the visualization of the reconstructed shape. 

3 Location of Point Forces on the Tube 
Our research question is to find the location of point forces on the endoscope given the 

discretely measured strain values. We hypothesize that the location of forces can be 

predicted by looking at the nature of the strains and their derivatives. Fig. (9a) shows 

the FEA simulations and the strain along the length of a fixed-fixed beam. In line with 

our hypothesis, non-differentiable points can be seen at force locations along the length 

of the beam (Fig. (9b)). We verified this for different boundary conditions (fixed-fixed, 

fixed-pinned, pinned-pinned, and pinned-fixed). These non-differentiable points are 

also seen in fixed-free boundary condition as shown in Fig. (10). 

In actual implementation, we measure strain at discrete locations and interpolation 

is employed to obtain strain all along the length of the endoscope. However, 

interpolation has the effect of smoothening the strain data and we will not be able to 

observe non-differentiable points. Because of this, looking at cusps to identify a 

possible force location is appropriate.  Here, we study the two interpolation methods, 

cubic spline and Chebyshev interpolation at effectively capturing the cusps.  

While in cubic spline interpolation the interpolating nodes are equidistant, in 

Chebyshev interpolation the interpolation points correspond to the Chebyshev nodes. 

 
Figure 7: Graphical rendering of the endoscope inside the stomach. 

 

 
(a)                                                          (b) 

Figure 8: (a) Steel strip with four strain gauges connected to Wheatstone bridge 

network. (b) Visualization of the reconstructed shape together with console window. 
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The Chebyshev nodes are selected in such a way as to provide a smooth interpolation 

while avoiding oscillations [19]. Fig. (11) shows the comparison of the two 

interpolation methods with finite element modality in Abaqus (www.simulia.com).  

When interpolating with fewer points, cubic spline performs relatively better. 

However, we see from Fig. (12) that with increased interpolating points, both the 

methods are reasonably good in capturing the cusps. The location of the cusps do not 

exactly match the location of the forces. However, they are relatively close and give 

an intuitive idea about the location of the forces.  Furthermore, we observe that some 

of the Chebyshev nodes coincide with the location of the forces. These observations 

were consistent for different boundary conditions (pinned-pinned, pinned-fixed, and 

fixed-pinned).  

4 Closure 
In this paper, we presented a shape estimation system for endoscopy and a method to 

predict the location of forces. Shape estimation method was presented together with 

strain experiments. The shape reconstruction algorithms was shown to reconstruct 

shapes with RMS error lees than 0.01. Experimental verification together with 

graphical visualization was demonstrated. In the second part of the paper, we looked 

at two interpolation methods to identify maxima and minima in strain data. We 

observed that increased number of interpolating points give insights into the location 

of forces. As part of the future course of this work, we are looking at iterative methods 

to find the location of forces on the endoscope. Integration of FBG sensor net with the 

 
(a)                                                                  (b) 

Figure 9: (a) Profile of the fixed-fixed beam in Abaqus with 4 point loads, (b) 

Strain distribution along the length of the beam. 

 

 
(a)                                                                  (b) 

Figure 10: (a) Profile of the fixed-free beam in Abaqus with 5 point loads, (b) 

Strain distribution along the length of the beam. 
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proposed estimation system and in-vivo experiments will also be pursued in the 

extension of this work. 
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