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 Abstract 

A robotic device to assist with in-vivo measurement of human pelvic organ tissue 

properties 

Shashank Kumat, MS 

The University of Texas at Arlington, 2016 

Supervising Professor: Dr. Panos S. Shiakolas  

Measurement of the biomechanical properties of human pelvic organ tissue without 

undergoing minimally invasive surgery is desired for diagnostics purposes and take precautionary 

actions if needed. The biomechanical properties of the bladder change with age and due to 

diseases. Thus, identification of the viscoelastic properties of the tissue could help in detecting 

early stages of the disease in the bladder. A literature survey revealed that no device exists that 

could be used to characterize the biomechanical properties of the human bladder in-vivo. 

This research contributes towards the development of a diagnostic system that could be 

used in a medical setting to interact with the bladder during the examination. The research 

focuses on the conceptual design and development of a rigid link robotic device, which is inserted 

through the urethra and remotely actuated/guided to probe the inner wall of the human bladder. 

Also, this research discusses the design of a sensor attached to the tip of the robotic device to 

engage with the tissue in order to obtain reaction force measurement when the tissue is 

disturbed. These measurements will then be used to characterize the viscoelastic properties of 

the bladder tissue. Scaled models of the robotic device and sensor have been prototyped to verify 

the function of the proposed design  
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Chapter 1  

Introduction 

The objective of this research is to measure the tissue properties of the human bladder 

using natural openings in the human body. The reason being the benefits of non-invasive surgery 

or diagnostics. The recovery time for noninvasive surgery is considerably less compared to that 

for invasive surgical procedures. Medical diagnosis is a process of determining which disease or 

condition explains a person’s symptoms. The most common method for diagnosing a patient by 

a physician is by direct touch; physical contact of the tissue or organ. This is traditionally 

performed by the physician’s subjective experience and judgment. For instance, to check the 

healthiness of the prostate gland in the males, the physician inserts a finger, via anus, to 

qualitatively assess the healthiness of the gland. 

Thus, if a medical device is developed to measure tissue reaction force and the 

measurements were used to identify tissue properties, the physicians can gather quantitative 

data for the patient’s tissue/organ which could supplement the qualitative assessment through 

other observations or diagnostics. This research focuses on the development of a medical 

diagnostic device which as part of a system will assist in evaluating quantitative tissue data. This 

way the physician can have quantitative patient history to review, assess, and provide next-step 

solutions. 

The area of application for this research is the human bladder. The human bladder is an 

important organ of the excretory system and plays an important role in storing urine generated 

from the kidneys. Kidneys are continuously generating urine in the body and it is because of the 

bladder that we do not feel the need of urinating until the bladder is filled at 30 − 50% (or in 
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other terms, with the bladder volume from 600 − 800 ml, the micturition point will be 

around 180 − 400 ml [1]). The most common bladder problem in women is the frequent urge 

to urinate and the occasional urine leakage. This is often caused by a decreased volume capacity 

of the bladder and over-activity. Whereas the most common bladder problem in men is the 

frequent urge to urinate and the inability to completely empty the bladder, and this is the cause 

of an enlarged prostate obstructing the emptying of bladder [2]. Another problem that can 

originate in the bladder is cancer. According to the National Cancer Institute, about 70,000 

people in the United States live with bladder cancer, although it typically affects older people. 

Younger people, however, have been recognized to develop bladder cancer as well [3]. 

1.1 Problem Statement 

The human bladder is a vital organ of the excretory system. It is a muscular sac in the pelvis, 

just above and behind the pelvic bone. Figure 1 presents the peritoneum cavity and the location 

of the human bladder in males. The goal of this research is to design a diagnostic device such that 

it could reach and interact with the bladder tissue without invasive surgery. According to Lekka 

et al. it has been evaluated that the tissue stiffness noticeably reduces from a healthy bladder 

compared to a cancerous bladder [4]. Similarly, a healthy bladder is stiffer for younger people, 

however, this stiffness reduces with age. The challenge of the present research will be to design 

and model a device that will reach the male urinary bladder without requiring anesthesia, 

remotely actuate to interact with the bladder and provide the physician with quantitative data 

to track the healthiness of the bladder over time.  
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Figure 1: Peritoneum cavity and bladder location for male human body [5] 

Current technologies used to visually inspect the bladder include rigid and flexible 

cystoscopy. A cystoscope is a device used to visually inspect the bladder. However, since the 

average diameter of the cystoscope is about 7 mm, general anesthesia is needed to numb the 

urinary tract during cystoscopy [6]. Further details regarding cystoscopy will be discussed in 

Section 2.3. The major challenge in designing this diagnostic device will be to maintain the 

maximum outer diameter under 3 mm in order to lessen any patient discomfort according to 

Zimmern et al. and Stav 𝑒𝑒𝑒𝑒 𝑎𝑎𝑎𝑎. [7] [8]. Therefore, a device needs to be designed such that it could 

be pushed through the urinary tract to reach the bladder, and externally manipulated inside the 

bladder to measure the reaction forces which will help evaluate the tissue properties while at 
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the same time minimizing discomfort in the patient and providing quantitative data to the 

physician. 

1.2 Thesis Outline 

The structure of the thesis is as follows. Chapter 1 provides an introduction to the 

importance of the bladder and diseases which the bladder is prone to. Other issues related to 

bladder diagnosis are briefly mentioned. A literature survey was performed to assess the 

progress in the field of bladder diagnostics. Furthermore, an introduction on the goals and the 

challenges for this research is also provided. 

Chapter 2 focuses on the anatomy of the bladder, relationship between the organs 

surrounding the bladder and their interaction. An introduction on the biomechanical properties 

of the urinary bladder is also provided. Information on FDA-approved procedure for cystoscopy 

and how this procedure can be adapted to the newly designed device will also be introduced 

briefly. This chapter also discusses the various hyperelastic models in ANSYS Workbench 17.0 and 

their use to model soft tissues. Maximum allowable load on the area of interest which is the 

target for diagnosis, is also evaluated for design specifications of the device. 

Chapter 3 focuses on the design of the device and sensor to reach, actuate and probe the 

inner bladder wall and measure tissue reaction forces. This chapter introduces initial design 

concepts and their limitations. It also provides an insight to the kinematic and force analysis of 

the device. ANSYS Workbench 17.0models were developed and analyzed to evaluate the safety 

factors of the device. Holding joint torques were evaluated to define the specification of the 

actuators. The sensor model was designed such that a load obtained by probing the inner bladder 
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wall can be measured. A scaled prototype of the device and sensor were fabricated to confirm 

the operation of the proposed design. 

Chapter 4 presents the information from the analysis performed in the previous chapters. 

The results include the forward and inverse kinematics solutions for different configurations of 

the device. Static force analysis was used to evaluate designed component safety factors to 

assess the possibility of failure of the design. Discussion on the initial calibration experiments of 

the proposed scaled sensor design is also provided. 

Chapter 5 contains conclusions based on obtained results and provides recommendations 

for future research based on the analyzed results. 
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Chapter 2  

Human Bladder Anatomy and FEM Approximation 

2.1 Human Bladder Anatomy 

The human bladder is a hollow muscular organ situated in the peritoneum cavity at the 

base of the pelvis; for men, it lies in front of the rectum, and for females, it lies in front of the 

uterus [9].  

The combined study of urine flow in the bladder, the urinary sphincter, and the urethra is 

called the urodynamic. The bladder is lined with transitional epithelium tissue. Urodynamic 

investigations are one of the most recognized and definitive tests for the evaluation of organ 

functionality by a physiological micturition cycle [10]. The bladder can hold a range of 600 −

800 ml of urine [2]. To model the urinary bladder, a spherical shape is assumed and 

homogeneous distribution of stress and strain parameters are considered [11]. 

In females, the length of the urethra is approximately 4 cm long, whereas for males it 

ranges from 20 − 22 cm, the male urethra is divided into two parts, the anterior urethra which 

contains penile urethra and the posterior urethra which contains membranous urethra [12]. 

Figure 2 shows the different sections of the male urinary tract [13]. 

The wall of the bladder is made up of muscle fibers extending in all directions. At the 

bladder neck, relatively distinct layers appear. The inner layer of the bladder fuses with the inner 

longitudinal layer of the urethra. The middle layer of the bladder is most prominent in the 

proximity of the bladder neck and fuses with the trigonal muscle. The trigone is the triangular 

structure at the bladder neck. The urethra opens at the trigonal end [14]. Figure 3 shows a view 

of the human bladder trigone area. Various types of tissues and their arrangements have been 
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marked in Figure 3.The trigone is the area of interest and its stiffness helps determine the 

healthiness of the bladder, Zimmern et al. [8].  

 

Figure 2: Various sections in male urinary tract [13] 

 

 

Figure 3: Tissue layer arrangement in bladder and trigone area of the bladder [17] 

 

2.2 Bladder Biomechanics 

To model a bladder by finite element method (FEM), the biomechanics of the bladder must 

be understood. The anatomy, and physiology of the bladder was briefly introduced in Section 

2.1. The lower urinary tract consists of the bladder and the urethra which are situated at the 
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anterior part of the pelvic cavity. The bladder outlet and the urethra originate at the caudal end. 

The trigone is a triangle shaped area that lies between the outlets of ureters and urethra. To 

create a solid model for analysis it is important to review the general dimension of the trigone 

area. The angle between the internal urethral ostium and left/right urethral ostium is 77° 

respectively and the distance between urethral ostium is 1.9 cm [15]. The distance from internal 

urethral ostium to left urethral ostium and from internal urethral ostium to right urethral ostium 

are both 1.6 cm [15]. When filled with urine, the bladder becomes more spherical. The boundary 

conditions for the contact of the bladder with the structures depends on the rate of the bladder 

filling [11]. Figure 4 shows the regions near the human urinary bladder. Based upon the 

physiological diagram shown in Figure 4, the boundary conditions can be applied to the bladder 

model. However, during the preliminary analysis not all of them were applied to the model. 

 The material properties of the bladder tissue are assumed to be homogenous and 

continuous [11]. Most of the research to identify the mechanical properties of the bladder is 

performed by Dahms et al. and are shown in Table 1 [16]. 

 

Table 1: Material properties of bladder tissue for different mammals [16] 

Material 
No. of 

specimens 

Ultimate tensile 

strain (mm/mm) 

Ultimate tensile 

strength (MPa) 

Elastic Modulus 

(MPa) 

Rat bladder 10 2.03 0.72 0.76 

Pig bladder 10 1.66 0.32 0.26 

Human bladder 10 0.69 0.69 0.25 
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Figure 4: Anatomical regions that will be used to provide support or boundary condition in 

finite element analysis [3] 

2.3 Cystoscopy and Procedure 

The cystoscopy technique was first reported by Rose in 1927 and has been extensively used 

since then for both clinical and research purposes [10]. Cystoscopy can be termed as an 

endoscopy of the urinary track. It can be performed either by a flexible or rigid  cystoscope device. 

Cystoscopy can be used either for diagnostic or therapeutic purposes. Advances have been made 

in cystoscopy with the improvisation of cold light, enhancement of optical system and the 

development of video endoscopy and flexible instruments [18].  

A rigid cystoscope has 3 functional parts: a telescope, bridge and sheath [19]. Figure 5 is a 

schematic of a rigid cystoscope inserted via the urethra to examine the inner bladder wall. During 

this procedure, tissue samples can also be collected if needed. However, it was reported by Stav 

et al. that although cystoscopy seemed to be a painful procedure it was well tolerated by most 

of the patients, but that it may have adverse effect on the sexual life of a patient [7]. Furthermore, 
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additional research is needed to determine whether screening of adults for bladder cancer leads 

to better outcomes [20]. 

 

Figure 5: Rigid cystoscopy to examine the inner bladder wall [21] 

In this research, a procedure for inserting the proposed device in the urethra for 

measuring bladder tissue properties similar to rigid cystoscopy will be adopted. Upon reaching 

the bladder, the instrument will be actuated to capture proper measurements from the bladder 

tissue. 

2.4 FEA Approximation of the Human Bladder 

2.4.1 Tissue Properties 

The final bladder model will have the properties and the subsequent assumptions as in 

the research performed by Beek et al [11]. The bladder is assumed to be thick walled and hollow 

in shape. The material behavior is assumed to be incompressible, isotropic and nonlinear elastic 

[11].  
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A survey of published literature demonstrated that most soft human tissues have 

viscoelastic properties [22] [23] [24]. However, to simplify mathematical modeling, it is safe to 

assume that the bladder tissue behavior is hyperelastic in nature [25]. The material parameters 

were obtained from various peer reviewed sources, and the results were compared based upon 

the relationship of stress as a function of strain or elongation. This mean set of result closely 

resembled to the work performed by Yamada et. al. [26]. The data will be used in various 

mathematical models such as the Mooney-Rivlin or Yeho’s, Ogden’s, polynomial, Arudda-Boyce. 

The model does not provide extra insight over the input data, instead, it is a polynomial 

approximation for material property for which the specific model will be used. 

The tissue will be modeled as a hyperelastic material, therefore, the material properties 

considered are limited to the loading conditions only and unloading conditions are disregarded. 

Typically, to model a hyperelastic material, a strain energy function is used to relate the stress 

and strain tensors [22]. Many forms of strain energy functions are available in the analysis 

software. Mullins effect is characterized by a decrease in material stiffness during loading and 

can be recognized by cyclic loading. The Mullins effect of damage was not considered while 

modeling the bladder tissue as there were no cyclic loading.  

 According to Martins, it is assessed that the modulus of elasticity of the human bladder 

from female cadaver ranged from 1 MPa to 4.1 MPa [27]. These values were obtained from 13 

female cadavers with no pelvic floor dysfunctions. The results were obtained after performing 

uniaxial tensile tests on the bladder tissue. Also, the results from Hwang et al. and Rubod et al., 

were examined to indicate that the stress-strain graphs closely resemble each other [25] [28]. 

Figure 6 presents the comparison plots of the stress-strain data for the pelvic organ obtained 
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from Bush et al. and Yamada et al. [22].This data will be used as input for the material properties 

to model the bladder tissue as a hyperelastic material.  

 

 

Figure 6: Experimental stress as a function of elongation for urinary bladder evaluated by Bush 

et al. and Yamada et al. [22] [26] 

 

2.4.2 Tissue Mathematical Modelling 

The tissue is composed of various biological components which form a fluid matrix. The theory 

of continuum mechanics in ANSYS Workbench 17.0 to model the bladder properties is used 

because the biological elements are relatively small and the mechanical variations are usually 

only significant at the microscopic scale [11]. Early models that characterized the mechanics of 

the bladder were presented in the 1970s [24] [30]. The Mooney models are popular for modeling 

the moderate strain nonlinear behavior of incompressible materials [11]. It’s important to 
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understand that these models, similar to Mooney, Mooney-Rivlin, Yeoh’s, Polynomial, Ogden and 

Arudda-Boyce models do not give any special insight into material behavior [31]. The numerical 

values of coefficients resulting from the regression analysis are used in a FEA program for 

mechanical analysis. The strain energy function for a Mooney-Rivlin model is evaluated as in 

Equation (1) [32].  

 𝑊𝑊 = ��𝐶𝐶𝑖𝑖𝑖𝑖(𝐼𝐼1 − 3)𝑖𝑖(𝐼𝐼2 − 3)𝑗𝑗 + 𝐷𝐷(𝐽𝐽 − 1)2
𝑗𝑗𝑖𝑖

 Equation (1) 

 

Where, 𝐼𝐼1 = 𝜆𝜆12 + 𝜆𝜆22 + 𝜆𝜆32 and 𝐼𝐼2 = � 1
𝜆𝜆12

+ 1
𝜆𝜆22

+ 1
𝜆𝜆32
�. In Equation (1), 𝐼𝐼1and 𝐼𝐼2 are the strain 

invariants which are functions of  𝜆𝜆1, 𝜆𝜆2 and 𝜆𝜆3 the principle stretch ratios, W is the strain energy 

function, Cij are constants evaluated from regression analysis, D is also a constant evaluated from 

regression analysis, J is the Jacobian. Similarly, Yeoh developed a hyperelastic material model 

that depended on the first strain invariant only. The strain energy function for Yeoh’s model is 

provided in Equation (2) [33]. 

 
𝑊𝑊 = �𝐶𝐶𝑖𝑖 ∙ (𝐼𝐼1 − 3)𝑖𝑖

𝑛𝑛

𝑖𝑖=1

 Equation (2) 

Where, W is the strain energy function, 𝐶𝐶𝑖𝑖 is the evaluated constant from regression 

analysis, and  𝐼𝐼1 is the first strain invariant. In typical hyperelastic models, the strain energy 

function, W is used to relate the strains in differential form. For this research two models were 

compared and the one having best fit to the experimental data is used. Experimental, uniaxial 

stress-strain data from Yamada et al. were used [22]. These stress-strain data points were 

provided as input in the Mooney-Rivlin 3 parameter and Yeoh 3rd order in ANSYS Workbench 17.0 
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hyperelastic regression analysis. These were then used to generate coefficients for the material 

properties for the expected tissue behavior. Selecting a right model will be determined by 

selecting a good curve fit and a good curve fit can be defined by considering a domain of 

deformation. The models are based on the strain invariant or stretch ratio [23]. Figure 7 is a 

comparison plot of the experimental data obtained from Yamada et al. and regression curve 

generated for the Yeoh 3rd order model evaluated by ANSYS Workbench 17.0 [26]. The blue data 

points are the experimental data. The curve fit generated by ANSYS Workbench 17.0 are as 

follows; red continuous line is the expected regression curve for the biaxial stress as a function 

of strain, green continuous curve is the expected regression curve for the shear stress as a 

function of strain and blue continuous line is the uniaxial stress as a function of strain given the 

uniaxial input data points. Comparing the plots for Mooney-Rivlin 3 parameters and Yeoh’s 3rd 

order, it was determined that the Yeoh 3rd order model has a curve fit that more closely 

resembles the actual experimental data. The regression analysis from ANSYS Workbench 17.0 

yielded the material property constants for Yeoh’s 3rd order model as presented in Table 2.  

Table 2: Yeoh’s 3rd order parameter constants for bladder analysis 

Coefficient Property Constants (MPa) 
𝐶𝐶10 0.00831 
𝐶𝐶20 -0.00355 
𝐶𝐶30 0.00347 
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Figure 7: ANSYS Workbench 17.0 regression curve fit for stress as a function of strain for 

experimental data obtained by Yamada et al. 

 

To analyze the deformation as a function of applied load, the constants obtained from 

Table 2 were used. The analysis settings were manually selected so that convergence issues could 

be avoided. Therefore, it is important to increment the load in small steps. Automatic meshing is 

defined. In addition, the relevance number is adjusted from 0 to 100, however, the relevance 

center is kept unchanged. This setting helped for automatic global refinement of the mesh. All 

the remaining values for meshing are accepted as default. The analysis settings for the Yeoh 

model are tuned by trial and error method for the initial substeps, minimum substeps, and 

maximum substeps as 50, 50, and 1000 steps respectively. The bladder is a viscoelastic material 

(hyperelastic assumption), and the solver control settings were such that large deflections were 
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allowed and weak springs were neglected. Additionally, a direct solver is used to solve for this 

model. 

According to Zimmern et al. it is ideal to have a tissue displacement of 3 mm to identify 

properties of soft tissue [8]. Preliminary analysis revealed that applying a pressure of 0.01 MPa 

resulted in a tissue displacement of approximately 6 mm. A maximum pressure of 0.01 MPa is 

applied with small sub-steps. The pressure is applied on a circular surface area of diameter 4 mm 

on the inner surface of the bladder model. The surface of the bladder is allowed to move freely. 

The other boundary conditions due to the pelvic bone were not considered during initial stages 

of the bladder model. Internal bladder pressure in healthy subjects is approximated 

as 60 cm H2O (~0.0058 MPa), however during the initial finite element modeling of the bladder 

this internal pressure was neglected [22]. The 4 mm projection on the bladder wall model is 

rendered to resemble the pressure applied by the instrument. Rigid body motions were 

suppressed while performing this analysis. Only the coronal ventral view of the bladder is 

modeled. The bladder is assumed thick-walled sphere similar to the research performed by Beek 

[11]. The mechanical properties of the wall of the bladder were assumed to be isotropic in nature. 

The bladder is supported along the urethra, while the other edges could move only in the radial 

directions. The dynamics of the urethra were not considered in this research because they play 

a role only during musculature of the internal and external sphincters. Figure 8 shows the applied 

boundary conditions along with hex-dominant meshing method. One eighth section of the 

sphere was modeled similar to the work performed by Beek et al [11]. A fixed support at A and C 

as marked in Figure 8. Figure 9 shows the results obtained by applying the loading and boundary 

conditions as discussed in Figure 8. It was estimated that applying a normal pressure of 0.01 MPa 
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which is equivalent to a load of 0.1 N displaces the tissue approximately by 6.4 mm. Therefore 

the device must be designed considering a minimum load of 0.4 N acting at the tip which is 

equivalent to an applied pressure of 0.03 MPa. For designing the device an applied load of 1 N 

which accounts for a factor of safety of 2.5 will be used. 

 

Figure 8: ANSYS Workbench 17.0 bladder model boundary condition 

 

Figure 9: Deformation of bladder tissue on applied load of 0.01 MPa 
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Chapter 3  

Diagnostic Robotic Device and Sensor Design 

3.1 Robotic Device Design 

3.1.1 Introduction 

The goal of this thesis is to design and prototype a device which will enable a physician to 

evaluate biomechanical properties of the bladder tissue as a function of applied displacement. 

Thus, the physician will have quantitative data rather than qualitative data alone, as is 

traditionally the case. Evaluated material properties of soft tissues will be used as a part of 

diagnostics tests [34]. Due to the high recurrence rate in bladder cancer, patients are asked to 

undergo frequent inspection after the removal of a bladder tumor, and this inspection is reliably 

performed using cystoscopy [35]. However, it was reported that the cystoscope needed to be 

manipulated manually to view larger regions of the bladder, which made it important to have a 

flexible cystoscope [35]. This conclusion further demonstrates the need of a diagnostic device to 

be able to manipulate inside the bladder, without manipulating the urethra. 

Various approaches were considered to achieve the final design of the device, to be used 

to probe the inner bladder wall. The initial design was to develop a soft robotic manipulator. Soft 

robots have a wide scope in the field of medical applications. Kim et al. mentioned that soft 

robots can be developed for medical interventions similar to diagnosis [36]. However, soft robots 

have a disadvantage when applied to diagnostic devices which is creating a fully soft robot that 

can move and modulate its body stiffness [36]. The design of continuum robotics started in the 

1960s by the creation of serpentine robots. These were built using several closely spaced joints 

to simulate the backbone of a snake. Prominent research has been performed in the field of 
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continuum robots by Webster et al. [37] [38] [39] [40]. Continuum robots are candidates for this 

application, however, achieving the desired bend angle in addition to maintaining the stiffness of 

the robotic tube will be a great challenge. The high stiffness of the robotic device is desired for 

minimum error while measuring the tissue reaction force. Section 3.1.2 will discuss the strategy 

and a design approach in the development of the proposed diagnostic device. The details of the 

rigid link manipulator design will also be discussed and analyzed in Section0 and Section 0. 

3.1.2 Concentric Tube Robot 

During the initial stage of research, the design approach was to use concentric tube robots 

similar to the research performed by Dupont et al. [41]. This type of robot was chosen because 

of the design constraints focus on the diameter of the tubes, which is important in the current 

research. A concentric tube robot is composed of various telescopic tubes. The stiffness of the 

inner tube is greater than the stiffness of the outer tube. The shape that can be achieved using 

concentric tubes is determined by the curvature, stiffness and length of the individual tubes. The 

telescopic principle differentiates the motion of each tube compared to the other. The principle 

can be achieved using follow-the-leader fashion, which will automatically avoid the lateral forces 

on the tubes. 

Apart from the theoretical model of a tube inside a tube, the tubes are designed such that 

each section has either a fixed or variable curvature [42], [43]. Figure 10 is schematic for a 

concentric tube manipulator, used for vitreoretinal surgeries [42]. However upon further 

investigation, it was concluded that the concentric tube device will not be able to reach the area 

of interest in the bladder, which is the trigone, and apply load on the tissue. Therefore, using a 
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concentric tube robot will introduce greater hardships to apply and measure the reaction force 

in the desired area. 

 

Figure 10: A concentric tube robot comprising of 3 tubes [42] 

3.1.3 Rigid Link Manipulator: Design Iterations 

The focus of research is to design a miniature device that will not only reach and inspect 

the inner bladder wall but will also be able to manipulate inside the bladder and probe the 

bladder tissue especially the trigone region to measure the tissue reaction forces. The design 

constraints were cognate to maximum allowable diameter of 3 mm, manipulate inside the 

bladder, probe the inner bladder tissue and measure the tissue reaction force. Various design 

iterations were performed. Table 3 describes the advantages and disadvantages or each design 

iteration. Each modification is an improved version and was based upon the limitations of the 

previous design. 
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Table 3: Design iterations 

Design 

Iteration 

Number 

Device Model Advantages Disadvantages 

1 

 

• Max. outer 
diameter 
3mm 

• Rigid Links 
• Easy to 

actuate 
• Manipulating 

components 
inside the 
device itself 

• Very high 
stresses in the 
flat springs 

• Cannot reach 
the trigone 
area, due to 
design 
limitations 

• Will not be 
able to  
withstand 
reaction 
forces based 
on preliminary 
analysis 

• Manufacturing 
constraints for 
flat springs 

2 

 

• Max. outer 
diameter 
3mm 

• Easy to 
actuate 

• Manipulation 
in circular 
workspace  

• Cannot reach 
the trigone 
area, due to 1 
DOF 

• Will not be 
able to  
withstand 
reaction 
forces based 
on preliminary 
analysis 
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3 

 

• Can access 
the trigone 
area of 
bladder 

• Manipulation 
in spherical 
workspace 

• Easy to 
manufacture 

• Anchoring of 
the actuating 
tendons 
overrules max 
diameter 
constraint 

• Attachment 
for the sensor 
not provided 

4 

 

• Can access 
the trigone 
area of 
bladder 

• Manipulation 
in spherical 
workspace 

• Sensor 
attachment 
provided 

• Anchoring of 
the actuating 
tendons 
overrules max 
diameter 
constraint 

 

 

3.1.4 Rigid Link Manipulator: Proposed Design 

This design proposed with rigid link connections. An important constraint to consider was 

that the outer diameter of the device should not exceed 3 mm. The design concept used five 

components using a bottom-up design approach, where the simple system will build up to an 

assembly. A summary and description of each component of the assembly is discussed. Although 

the design of the device was within the specifications the outer tube of the proposed design had 

an outer diameter of 3.5 mm, which was considered to be in the acceptable range. Figure 11 is 

the assembly of the proposed robotic device, each component of this assembly will be discussed. 
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Figure 11: Proposed Robotic device assembly 

 

Outer Tube: The outer tube was designed with an outer diameter (OD) of 3.5 mm and an 

inner diameter (ID) of 3.2 mm. The length of the tube in the design was 200 mm. The outer 

hollow tube supports the inner tube and the links connected to the inner tube. This tube will 

remain stationary once it is inserted in the urinary tract and reach the inner bladder. It will act as 

a guide for the robotic device to reach the bladder. 

Inner tube: The inner tube was designed so that it can go through the outer tube and 

provide support to the other parts that will actuate inside the bladder to access the area of 

interest. The design model presented in Figure 12 can be used to examine the front view of the 

inner tube having several channels. These channels provide a pathway for the actuation tendons 
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and data-transmitting wires or sensor cables. The diameter of these channels were constrained 

at 0.27 mm and  0.15 mm respectively. The reason being that the outer diameter of the 

actuation tendon is 0.25 mm and sensor wire is 0.1 mm. An extrusion was provided on this 

component which will help to accommodate a revolute joint. The part drawing is attached in 

Appendix A.1 

 

 

Figure 12: Rigid link manipulator: inner tube with detailed front view 

 

I-Beam: I-beams will be used to anchor the tendons by press fitting them into the slots 

provided in the components; link 2A, link 2B and sensor assembly support of the rigid link 

manipulator. Failure analysis of the I-beam was performed. Failure of the I-beam will ultimately 
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lead to the failure of the actuation mechanism, hence this component was critical in designing 

the device. Figure 13 represents the tendon pull direction of the proposed I-beam model 

 

 

Figure 13: I-beam model to anchor the tendons 

 

Link 2A: This link was connected to the inner tube with a pin revolute joint. The length of 

this link was initially chosen to be 1.5 mm. However, due to manufacturing constraints to 

perform machining operations, it was suggested to increase the length of this part to 2 mm. A 

tendon will be anchored to the I-beams which will be inserted in the two cubic slots as shown in 

Figure 14. Thus, the rotation of the joint can be achieved by pulling the tendon anchored to the 

I-beam at each side. Figure 14 also represents the guideways for the actuation tendons for joint 

2 and joint 3 marked in blue arrows and channel for the sensor cable marked in red arrow. The 

drawing of the part is attached in Appendix A.2.  
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Figure 14: Rigid link manipulator: link 2A 

 

Link 2B: Link 2B was similar to link 2A, except that link 2B does not have the same number 

of channels as link 2A because two channels were utilized to anchor the I-beam for link 2A which 

is not needed, anymore. The schematic for this link is as in Figure 15. The two slots provided on 

the front face of the link are for the I-beams, which will anchor the actuation tendons and press 

fit in those slots. The red arrow in Figure 15 indicates the sensor cable channel. The drawing of 

the part is attached in Appendix A.3.  

 

Figure 15: Rigid link manipulator: link 2B 
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Sensor assembly support: Figure 16 is the CAD model for sensor support component. The 

sensor support, which can also be termed as end effector support, will be the last link in the 

manipulator. The sensor support part was designed in a way that it could provide dual 

functionality. First it provides one degree of freedom to the device. Second, attaching and 

detaching of the sensor assembly can be performed easily. Equivalent to other links, the 

maximum diameter of this part must not exceed 3 mm. The cubical slot provided on the front 

face was for attaching the base of the sensor assembly, whereas the small rectangular pair of 

slots on the same face function as a guide for the sensor head which will be reviewed in detail in 

Section 3.2.1. Slots are provided on each side of this part to press fit the I-beams, which will assist 

in actuation of the sensor support component. The drawing of the part is attached in Appendix 

A.4. 

 

Figure 16: Rigid link manipulator: sensor support 

A scaled model of the device as presented in Figure 17 (5 times scale) was manufactured 

using Acrylonitrile Butadiene Styrene (ABS) material in an in-house 3D printer, to examine the 
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motion of the joints as a conceptual verification [44]. Microfilament braided line were used as 

tendons to actuate the joints on scaled prototype. 

 

 

Figure 17: A 5 times scaled prototype for verification of the concept of design 

 

3.1.5 Analysis of Rigid Link Manipulator 

This section discusses the forward and inverse kinematics of the device. Static force 

analysis and finite element analysis for each component will also be discussed. Kinematic analysis 

was performed to locate the sensor tip position with respect to the base position of the device. 

To perform this analysis, a relationship was developed to locate the position and orientation of 

the tip of the sensor [45].  

The design will have rigid link connections and the revolute joints will have joint angles 

which will be joint variables in the analysis. As presented in Figure 11, the device is a 3 degree of 

freedom mechanism, and the arrangement of the joints is equivalent to a spherical joint. From 

this point, the design of the manipulator will be considered as a set of links connected in a chain 

by revolute joints. To position and orient the sensor tip in 3D space, a minimum of 6 degrees of 

freedom is required [45]. Inverse kinematics was used to evaluate the position of the tip of the 
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sensor with respect to the base frame for the proposed 3 degree of freedom manipulator. At this 

stage of research it was sufficient to account for the position of the tip of the device, hence 3 

DOF. 

3.1.6 Kinematic Analysis 

A methodology is followed to develop the relation between the position and orientation 

of the sensor tip inside the bladder with respect to the base frame of the tube held by the 

physician using the modified Denavit-Hartenberg (DH) notation. The definition of DH variables in 

the modified DH table are as follows, , ai is the distance from 𝑍𝑍𝑖𝑖to 𝑍𝑍𝑖𝑖+1 along 𝑋𝑋𝑖𝑖, 𝛼𝛼𝑖𝑖 is the angle 

from 𝑍𝑍𝑖𝑖to 𝑍𝑍𝑖𝑖+1 about 𝑋𝑋𝑖𝑖, 𝑑𝑑𝑖𝑖 is the distance from 𝑋𝑋𝑖𝑖 to  𝑋𝑋𝑖𝑖+1 along 𝑍𝑍𝑖𝑖+1and 𝜃𝜃𝑖𝑖  is the angle from 𝑋𝑋𝑖𝑖 

to  𝑋𝑋𝑖𝑖+1 about 𝑍𝑍𝑖𝑖+1 [45]. 

Performing the forward kinematics will identify the location and orientation of the sensor 

tip in 3D space. However analyzing inverse kinematics will assist to gain just the position of the 

last frame with respect to the base frame. Figure 18 shows the frame assignment for the base, 

tip and joints of the proposed robotic device. All frames rotate or translate with the joints unless 

specifically mentioned. A parametric relationship was developed from the base frame to the 

sensor tip. A homogenous transformation matrix fully defines the relationship between any two 

frames of interest. Table 4 presents the joint and MDH parameters that were used for the 

kinematic analysis of the device. 
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Figure 18: Frame assignment for kinematic analysis 

 

Table 4: MDH parameters for the manipulator 

FRAME JOINT MDH PARAMETERS 

Current (C) Next (N) Number Type Variable a (mm) 𝛼𝛼 (rad) d (mm) 𝜃𝜃 (rad) 

0 1 1 R 𝜃𝜃1 L1 0 0 𝜃𝜃1 

1 2 2 R 𝜃𝜃2 L2 3𝜋𝜋/2 0 𝜃𝜃2 

2 3 3 R 𝜃𝜃3 L3 𝜋𝜋/2 0 𝜃𝜃3 

3 4 - - - L4 0 0 0 
 

 



31 
 

Here L1 is the length from the base frame to the first joint of the device the base frame 

can be adjusted with respect to the patient, L2 and L3 are the link lengths from previous joint to 

next joint and L4 is the length from the last joint to the sensor tip. The generalized relationship 

between two frames was generated according to Equation (3) where the entries of the matrix 

were the function of the parameters in the MDH table [45]. 

 TNC

=

⎣
⎢
⎢
⎡

cos(θN) − sin(θN) 0 aC
sin(θN)  cos(αC) cos(θN)  cos(αC)  − sin(αC)  − sin(αC) ∙ dN
sin(θN)  sin(αC) cos(θN)  sin(αC)  cos(αC)  cos(αC) ∙ dN

0 0 0 1 ⎦
⎥
⎥
⎤
 

 

Equation (3) 

In the transformation matrix as shown in Figure 19 the 3 x 3 matrix, represents the 

orientation of the next frame with respect to the current frame. The first three rows of the 4th 

column as shows in Figure 19, represent the position vector of the origin of the next frame with 

respect to the previous frame. The input parameters as presented in Table 4, were used to 

evaluate the homogenous transformation matrix for each joint to obtain the location and 

orientation of the next (N) frame as referred from the current (C) frame. The individual 

homogenous transformation matrices was evaluated from a generalized code that was 

developed using MATLAB R2016a. The code is attached in Appendix B. As a first step towards 

verification of the forward kinematics analysis, the joint variables were assumed to be zero. The 

resulting position vector yielded the summation of the link length. Likewise, arbitrary values of 

joint angles were selected to verify if the device reaches the trigone area. This will be discussed 

in Section 4.1.1. The parametric relationship obtained for each joint is evaluated in Equation (4), 

Equation (5), Equation (6) and Equation (7). 
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Figure 19: Significance of homogenous transformation matrix 

 

H1
0 = �

cos(θ1) − sin(θ1) 0 L1
sin(θ1) cos(θ1) 0 0

0 0 1 0
0 0 0 1

� Equation (4) 

 

H2
1 = �

cos(θ2) − sin(θ2) 0 L2
0 0 1 0

− sin(θ2) − cos(θ2) 0 0
0 0 0 1

� Equation (5) 

 

H3
2 = �

cos(θ3) − sin(θ3) 0 L3
0 0 −1 0

sin(θ3) cos(θ3) 0 0
0 0 0 1

� Equation (6) 

 

H4
3 = �

1 0 0 L4
0 1 0 0
0 0 1 0
0 0 0 1

� Equation (7) 

Therefore, it was possible to relate the location of Frame 4 with respect to Frame 0 by 

multiplying the homogenous transformation matrices and obtain the final homogenous 

transformation matrix as presented in Equation (8) [45].  

 
H4
0 = H1

0 ∙ H2
1 ∙ H3

2 ∙ H4
3 = �

nx ox ax px
ny oy ay py
nz oz az pz
0 0 0 1

� Equation (8) 

Where, 

nx = cos(θ1) ∙ cos(θ2) ∙ cos(θ3) − sin(θ1) ∙ sin(θ3), 

ny = cos(θ1) ∙ sin(θ3) + cos(θ2) ∙ cos(θ3) ∙ sin(θ1), 
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nz = cos(θ3) ∙ sin(θ2), 

ox = − cos(θ3) ∙ sin(θ1) − cos(θ1) ∙ cos(θ2) ∙ sin(θ3), 

oy = cos(θ1) ∙ cos(θ3) − cos(θ2) ∙ sin(θ1) ∙ sin(θ3), 

oz = sin(θ2) ∙ sin(θ3), 

ax = cos(θ1) ∙ sin(θ2), 

ay = sin(θ1) ∙ sin(θ2), 

az = cos(θ2), 

px = L1 − L4 ∙ �sin(θ1) ∙ sin(θ3) − cos(θ1) ∙ cos(θ2) ∙ cos(θ3)� +  L2 ∙ cos(θ1) 

+ L3 ∙ cos(θ1) ∙ cos(θ2), 

py = L4 ∙ �cos(θ1) ∙ sin(θ3) +  cos(θ2) ∙ cos(θ3) ∙ sin(θ1)� + L2 ∙ sin(θ1) 

+ L3 ∙ cos(θ2) ∙ sin(θ1), 

pz = −sin(θ2) ∙ �L3  +  L4 ∙ cos(θ3)�. 

The forward kinematic equations identifies the orientation and position of the tip of the 

sensor with respect to the 0th Frame (base frame). 

Inverse kinematics is a procedure which will serve as a tool to estimate the joint angles 

from the desired homogeneous transformation matrix. A method to perform inverse kinematics 

is, to formulate the equations for all the joint angles using the given homogeneous 

transformation matrix.  

The final homogenous matrix, is evaluated from forward kinematics  

 H4
0 = H1

0 ∙ H2
1 ∙ H3

2 ∙ H4
3 = Hdes  Equation (9) 

In inverse kinematics, Hdes is a given matrix, therefore it is called as desired matrix. Matrix 

operations are performed to estimate the values for the joint angles. 
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Hdes = �

nx ox ax px
ny oy ay py
nz oz az pz
0 0 0 1

� Equation (10) 

Based on the preliminary analysis performed to solve for the joint variables 

nx, ny, nz, ox, oz and py from the homogeneous transformation matrix is required. It was 

analyzed that by using only position vector it was not possible to achieve a closed form solution. 

The method to analyze the inverse kinematics uses the orientation matrix to obtain the joint 

variables. Equating the sum of the square on the left-hand side to the right-hand side for 3rd row, 

1st column and 3rd row, 2nd column yields, 

 {H4
0(3,1)}2 + {H4

0(3,2)}2 = {Hdes(3,1)}2 + {Hdes(3,2)}2  

 sin2(θ2) = nz2 + oz2  Equation (11) 

 cos(θ2) = ±�1 − sin2(θ2) Equation (12) 

Solving for θ2, 

 θ2 = atan2 �±�nz2 + oz2,  ± �1 − (nz2 + oz2)� Equation (13) 

In order to determine the quadrant of the joint angle, atan2 function is used in Equation (13) 

[46]. Performing the following operation on the desired matrix, 

 Hdes1 = (H1
0)−1 Hdes = H2

1 H3
2  

Comparing, {H3
1(1,1)}2 + {H3

1(2,1)2} =  Hdes1(1,1)2 + Hdes1(2,1)2 

 (nx)2 + �ny�
2

= cos2(θ2) cos2(θ3) + sin2(θ3) Equation (14) 

Substitute m = cos2(θ2)  and b = (nx)2 + �ny�
2
 

 m ∙ cos2(θ3) + sin2(θ3) = b  Equation (15) 

 m ∙ cos2(θ3) + (1 − cos2(θ3)) = b  Equation (16) 
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 cos2(θ3) (m − 1) = (b − 1)  Equation (17) 

 
cos2(θ3) =

(b − 1)
(m − 1) … � here m ≠ 1 also − 1 ≤

(b − 1)
(m − 1) ≤ 1� Equation (18) 

 sin(θ3) = ±�1 − cos2(θ3)  Equation (19) 

On solving for 𝜃𝜃3, the atan2 function will be used to identify the quadrant of the angle. 

 θ3

= atan2�±�1− �
�(nx)2 + �ny�

2 − 1�
(cos2(θ2) − 1) � , ±��

�(nx)2 + �ny�
2 − 1�

(cos2(θ2) − 1) ��  
Equation (20) 

If m = 1  in Equation (18), then the value of θ2 is zero. This particular solution yields to 

singularity to other joint angles, therefore, another approach needs to be provided which will 

calculate the value for other joint angles when the value for θ2 is zero.  

Approach 2 will be used later to obtain the other joint angles, had the value of θ2 been zero. 

As θ3 has now been evaluated from Equation (20) considering θ2 is not equal to zero, the 

following operations are performed to obtain θ1. 

Comparing H3
1(2,2) + H3

1(1,3) = Hdes1(2,2) + Hdes1(1,3) 

 cos(θ3) + sin(θ2)

= oycos(θ1)− oxsin(θ1) + axcos(θ1) + aysin(θ1) 
Equation (21) 

 cos(θ3) + sin(θ2) = m ∙ cos(θ1) + w ∙ sin(θ1)  Equation (22) 

 r = m ∙ cos(θ1) + w ∙ sin(θ1)  Equation (23) 

Where, m = �oy + ax�, w = �ay − ox�, and r = cos(θ3) + sin(θ2), 

Let u = tan �θ1
2
� 

Using the half angle formula, Equation (23)can solved as  
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 θ1
= 2

∙ atan2

⎝

⎜⎜
⎛
��ay − ox� ± ���ay − ox�

2 + �oy + ax�
2 − cos(θ3) + sin2(θ2)��

�oy + ax� + cos(θ3) + sin(θ2)
, 1

⎠

⎟⎟
⎞

 

Equation 
(24) 

All joint angles are obtained. However, it is assumed that θ2 is not equal to zero. Approach 2 will 

evaluate the joint angles in the case that θ2 is zero. A comparison will be performed by using the 

position information of the Hdes matrix, on comparing the right and left-hand side, 

 H4
0(2,4) − L4 ∙ H4

0(2,1) = Hdes(2,4) − L4 ∙ Hdes(2,1)  

 (L2 + L3)sin(θ1) = (py − L4 ∗ ny) Equation (25) 

 sin(𝜃𝜃1) = (py − L4 ∗ ny)/(L2 + L3)  Equation (26) 

 cos(θ1) = ±�1 − sin2(θ1)  Equation (27) 

 
θ1 = atan2�

(py − L4 ∙ ny)
(L2 + L3) , ±�1 − �

(py − L4 ∙ ny)
(L2 + L3) �

2

� Equation (28) 

In Equation (28) ,(py − L4 ∙ ny) ≤ (L2 + L3) after obtaining the value for θ1 from Equation (28), 

a comparison on same matrix was performed to obtain θ3. Comparing Hdes(2,1) with H4
0(2,1) 

 sin(θ1 + θ3) = ny  Equation (29) 

 
cos(θ1 + θ3) = ±�1 − sin2(θ1 + θ3) =±�1 − �ny�

2
 Equation (30) 

 
θ3 = atan2�ny, ±�1 − �ny�

2
� − θ1 Equation (31) 

A code was developed in MATLAB to evaluate numerical values for the joint angles. This 

inverse kinematic code is attached in Appendix C. Joint limits were also considered when 

developing the code. According to the frame assignments and the design of the device the joint 

limits assigned for each joint was from −90° to 90°. Solution sets for the joint angles are 
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obtained by performing inverse kinematics. All possible solutions, within the joint limits are 

selected. Amongst the selected solution sets, the one to consume minimum energy to actuate 

will be preferred. After the selection of this solution set these values of the joint angles were 

given as in input in the forward kinematics, to confirm if the sensor tip would indeed reaches the 

position and orientation defined by the joint angles. Therefore, a procedure was implemented 

such that the difference from the transformation matrix obtained from the inverse kinematic 

solution and the desired transformation matrix was zero. The inverse kinematics performed 

addresses the position of the manipulator tip.  

3.1.7 Static Force Analysis 

In this section, the limiting torque at the joints were calculated for different 

configurations to avoid motion at the joints when an external force was applied to the end 

effector. To obtain static torque as a parametric equation, the rotation matrices are evaluated 

from the individual homogeneous transformation matrix obtained during forward kinematic 

formulation. The relationship between Cartesian coordinates and joint variables is developed. 

A Jacobian matrix is a multidimensional matrix that relates the Cartesian velocities to the 

joint quantities of the robot. 

 v0 = J0(θ) ∙ θ̇ Equation (32) 

Where, θ̇ is the joint velocity vector, and v0 is the Cartesian velocity vector at the base 

frame. The Jacobian matrix, J0 can be used to find points of singularity, which will determine the 

workspace boundary singularities. It can also be used to acquire the relationship between the 

Cartesian force and joint torques. The joint values are the functions of time. Assuming a fixed 
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base frame, the Jacobian matrix is obtained according to Equation (33), by taking the partial 

derivatives of the position vectors with respect to joint angles.  

 

J0 =

⎣
⎢
⎢
⎢
⎢
⎢
⎡
∂Px
∂θ1

∂Px
∂θ2

∂Px
∂θ3

∂Py
∂θ1

∂Py
∂θ2

∂Py
∂θ3

∂Pz
∂θ1

∂Pz
∂θ2

∂Pz
∂θ3⎦

⎥
⎥
⎥
⎥
⎥
⎤

= �
J11 J12 J13
J21 J22 J23
J31 J32 J33

� Equation (33) 

Where, 

𝐽𝐽11 = −𝐿𝐿2 ∙ sin(𝜃𝜃1) − 𝐿𝐿3 ∙ cos(𝜃𝜃2) ∙ sin(𝜃𝜃1) − 𝐿𝐿4 ∙ cos(𝜃𝜃1) ∙ sin(𝜃𝜃3)  

−𝐿𝐿4 ∙ cos(𝜃𝜃2) ∙ cos(𝜃𝜃3) ∙ sin(𝜃𝜃1), 

𝐽𝐽12 = − cos(𝜃𝜃1) ∙ sin(𝜃𝜃2) ∙ (𝐿𝐿3 + 𝐿𝐿4 ∙ cos(𝜃𝜃3)), 

𝐽𝐽13 = −𝐿𝐿4 ∙ cos(𝜃𝜃3) ∙ sin(𝜃𝜃1) − 𝐿𝐿4 ∙ cos(𝜃𝜃1) ∙ cos(𝜃𝜃2) ∙ sin(θ3), 

𝐽𝐽21 = 𝐿𝐿2 ∙ cos(𝜃𝜃1) + 𝐿𝐿3 ∙ cos(𝜃𝜃1) ∙ cos(𝜃𝜃2) − 𝐿𝐿4 ∙ sin(𝜃𝜃1) ∙ sin(𝜃𝜃3) 

+𝐿𝐿4 ∙ cos(𝜃𝜃1) ∙ cos(𝜃𝜃2) ∙ cos(𝜃𝜃3), 

𝐽𝐽22 = − sin(𝜃𝜃1) ∙ sin(𝜃𝜃2) ∙ (𝐿𝐿3 + 𝐿𝐿4 ∙ cos(𝜃𝜃3)), 

𝐽𝐽23 = 𝐿𝐿4 ∙ (cos(𝜃𝜃1) ∙ cos(𝜃𝜃3) − cos(𝜃𝜃2) ∙ sin(𝜃𝜃1) ∙ sin(𝜃𝜃3)), 

𝐽𝐽31 = 0, 

𝐽𝐽32 = − cos(𝜃𝜃2) ∙ (𝐿𝐿3 + 𝐿𝐿4 ∙ cos(𝜃𝜃3)), 

𝐽𝐽33 = 𝐿𝐿4 ∙ sin(𝜃𝜃2). 

 

The position vector obtained from Equation (8) is used to obtain the Jacobian. Here the 

joint angles are functions of time. The operation mentioned in Equation (33) is performed. The 

Jacobian obtained from Equation (33) is with respect to base frame of the proposed robotic 

device. A code in Appendix D, is formulated to determine the Jacobian, static force and torques. 
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The determinant of the Jacobian matrix will be analyzed to identify workspace boundary 

singularities. Note, that the inverse of the Jacobian exists only if the determinant is a non-zero. If 

the determinant is zero, then singularity arises. This is demonstrated as follows by analyzing the 

determinant of Equation (33). 

 |J| = sin(θ3) ∙ �L2 + L3 ∙ cos(θ2)� ∙ {0− L4 ∙ (L3 + L4 ∙ cos(θ3))} Equation (34) 

On simplifying, it is evaluated that singular condition arises at 

 sin 𝜃𝜃3 = 0 , cos(θ2) = −
L2
L3

 and cos(θ3) = −
L3
L4

 Equation (35) 

.  Equation (35) add a geometric constraint on the robotic device, such that 𝐿𝐿2 ≤ 𝐿𝐿3 

and 𝐿𝐿3 ≤ 𝐿𝐿4. It can also be interpreted that near such singular configuration small joint torques 

can generate large force at the end effector. Static force analysis will be used to estimate the 

holding torques required at the joints in their static position when an external force is applied at 

the end effector. Moreover, information from the static force analysis can be analyzed further 

for mechanical design purposes. Static torque can be evaluated by using inward iteration. A 

parametric set of equations were generated to obtain the joint torques.  

For the static force analysis, assume a generalized force acting on the manipulator by the 

environment as: 

 𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒 = [𝐹𝐹𝑥𝑥 𝐹𝐹𝑦𝑦 𝐹𝐹𝑧𝑧]𝑇𝑇 Equation (36) 

A relationship adopted from Craig et al. will be used to express the joint loads and torques 

from the next coordinate frame to the current coordinate frame, as follows [45] 

 fii = Ri+1
i ∙ fi+1i+1 Equation (37) 

 nii = Ri+1
i ∙ ni+1i+1 + Pi+1i × fii Equation (38) 
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 τi = �nii�
T
∙ Z�ii  Equation (39) 

Where, 𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒 is the external load applied on the last frame, fii is the force exerted on the 

𝑖𝑖𝑡𝑡ℎ link and expressed in the same frame, 𝑛𝑛𝑖𝑖𝑖𝑖  is the torque exerted on the 𝑖𝑖𝑡𝑡ℎ joint and expressed 

in the same frame and τi is the torque exerted on the joint along the axis of rotation. Performing 

inward iterations on these expressions (Equation (37) and Equation (38)) with the sensor tip being 

frame 4, 

 F44 = [Fx Fy Fz]T Equation (40) 

 n44 == [0 0 0]T Equation (41) 

Likewise, for the end effector support, 𝑖𝑖 = 3, 

 
F33 = �

1 0 0
0 1 0
0 0 1

� ∙ �
Fx
Fy
Fz
� = �

Fx
Fy
Fz
� Equation (42) 

 
𝑛𝑛33 = �

1 0 0
0 1 0
0 0 1

� ∙ 0 + ��
L4
0
0
�× �

Fx
Fy
Fz
�� = �

0
−L4Fz
L4Fy

� Equation (43) 

Similarly, for link 2B, 𝑖𝑖 = 2, 

 
F22 = �

cos(θ3) ∙ Fx − sin(θ3) ∙ Fy
−Fz

sin(θ3) ∙ Fx + cos(θ3) ∙ Fy
� 

 

Equation (44) 

 
n22 = �

L4 ∙ Fz ∙ sin(θ3)
−L4 ∙ Fz − L3�sin(θ3) ∙ Fx + cos(θ3) ∙ Fy�

−Fz ∙ (L3 + L4 ∙ cos(θ3))
� Equation (45) 

Finally, for link 2A, 𝑖𝑖 = 1, 
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F11 =

⎣
⎢
⎢
⎢
⎡𝐹𝐹𝑧𝑧 ∙ sin(𝜃𝜃2) + �cos(𝜃𝜃2) ∙ �𝐹𝐹𝑥𝑥 cos(𝜃𝜃3) − 𝐹𝐹𝑦𝑦 sin(𝜃𝜃3)��

𝐹𝐹𝑦𝑦 cos(𝜃𝜃3) + 𝐹𝐹𝑥𝑥 sin(𝜃𝜃3)

𝐹𝐹𝑧𝑧 ∙ cos(𝜃𝜃2) − �sin(𝜃𝜃2) ∙ �𝐹𝐹𝑥𝑥 cos(𝜃𝜃3) − 𝐹𝐹𝑦𝑦 sin(𝜃𝜃3)��⎦
⎥
⎥
⎥
⎤
 Equation (46) 

 
𝑛𝑛11 = �

𝑛𝑛1𝑥𝑥1

𝑛𝑛1𝑦𝑦1

𝑛𝑛1𝑧𝑧1
� Equation (47) 

Where, 

𝑛𝑛1𝑥𝑥1 = sin(𝜃𝜃2) �𝐿𝐿3�sin(𝜃𝜃3) ∙ 𝐹𝐹𝑥𝑥 + cos(𝜃𝜃3) ∙ 𝐹𝐹𝑦𝑦� + 𝐹𝐹𝑧𝑧 ∙ 𝐿𝐿4 � + 𝐹𝐹𝑧𝑧 ∙ 𝐿𝐿4 ∙ cos(𝜃𝜃2) ∙ sin(𝜃𝜃3), 

𝑛𝑛1𝑦𝑦1 = −𝐿𝐿2 �𝐹𝐹𝑧𝑧 ∙ cos(𝜃𝜃2) − sin(𝜃𝜃2) ��𝐹𝐹𝑥𝑥 cos(𝜃𝜃3) − 𝐹𝐹𝑦𝑦 sin(𝜃𝜃3)��� − 𝐹𝐹𝑧𝑧(𝐿𝐿3 + 𝐿𝐿4 ∙ cos(𝜃𝜃3)), 

𝑛𝑛1𝑧𝑧1 = 𝐿𝐿2�𝐹𝐹𝑦𝑦 cos(𝜃𝜃3) + 𝐹𝐹𝑥𝑥 sin(𝜃𝜃3)� + cos(𝜃𝜃2) ∙ ��𝐿𝐿3 ��𝐹𝐹𝑦𝑦 cos(𝜃𝜃3) + 𝐹𝐹𝑥𝑥 sin(𝜃𝜃3)��� + (𝐹𝐹𝑧𝑧𝐿𝐿4)� 

−𝐹𝐹𝑧𝑧𝐿𝐿4 sin(𝜃𝜃2) sin(𝜃𝜃3). 

The third row in 𝑛𝑛𝑖𝑖𝑖𝑖 contributes towards the torque required to hold the joints in the desired 

static position. This torque would be used for selecting the holding torque for the actuator for 

each joint. A code was developed to calculate the numerical values for torque at each joint 

depending on the applied force. This code is attached in Appendix D. Therefore the numerical 

values for the actuator holding torques at joint 1, 2 and 3 were evaluated. The analysis assumed 

a load along the X-direction of the 4th frame, because the proposal was to apply a normal load on 

the tissue. Equation (48) was justified as presented in Figure 20. Maximum static torque to hold 

a1 N load in a particular configuration was estimated as 9 Nmm at joint 1. This value was 

evaluated from Equation (48), considering Fx is 1 N,  θ3 is 90 ° and  θ2 is 0 °. 

 
τ = �

τ1
τ2
τ3
� = �

Fx ∙ sin(θ3) ∙ �L2 + L3 ∙ cos(θ2)�
0
0

� Equation (48) 
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Where, 𝜃𝜃1, 𝜃𝜃2 𝑎𝑎𝑎𝑎𝑎𝑎 𝜃𝜃3are the 1st,2nd and 3rd joint angles and 𝜏𝜏1, 𝜏𝜏2 and 𝜏𝜏3 are the holding 

torque at 1st,2nd and 3rd joint. 

 

Figure 20: Torque experienced in different configuration due to normal load 

3.1.8 Failure Analysis for the Pin and I-beam 

As a safety consideration, failure analysis on the joint pins was performed. This analysis 

was performed using double shear failure of the pin according to Equation (49). The diameter of 

the pin was constrained due to the overall dimension of the device. Therefore, the channels 

provided on each component of the manipulator cannot exceed a  diameter of 0.8 mm. The area 

under shear was the surface area of the pin having the diameter 0.8 mm. The material property 

for medical grade stainless steel instruments having a yield strength of 300 MPa was used to 

analyze the shear failure of the pin. [47]. A load of 1 N was applied on the pin, based upon the 

discussion in Section 2.4.2, this load already accounted for a factor of safety of 2.5. Pin shear 

failure is evaluated as:  
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 τsp =
�4

3� �
Fsp
2 �

Asp
=

�4
3� ∙ �

1
2�

�π4 ∙ (0.8)2�
= 1.326 MPa Equation (49) 

Where 𝜏𝜏𝑠𝑠𝑠𝑠  is the shear stress exerted on the pin and 𝐹𝐹𝑠𝑠𝑠𝑠 is the shear load on the pin. 

The maximum shear stress that the pin experienced was 1.32 MPa.The factor of safety is 

evaluated as the  ratio of the yield strength of the material over the maximum stress experienced 

by the component is 226. 

 

Figure 21: Schematic for double shear failure of the pin joint 

The failure analysis of the I-beam was performed using ANSYS Workbench 17.0. The 

boundary condition of the I-beam is shown in Figure 22. A force of 10 N was chosen because it 

was evaluated from the preliminary analysis that the maximum moment experienced by the first 

joint was 9 Nmm when an external load of 1 N was applied, Section 3.1.7. From the geometry, 

the perpendicular distance between the joint and the attached tendon channel in the inner tube 

is 1 mm. Therefore, the maximum tension that the tendon will experience will be 10 N, from the 

moment balance equation. To evaluate the structural failure of the part, a load of 10 N was 

applied in the bending direction. This resulted in the equivalent von-Mises stress of 152 MPa, 
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which results in a factor of safety of 1.97 when considering the material properties of medical 

grade stainless steel [47].  

 

Figure 22: I-beam boundary condition with fine mesh size 

3.1.9 Part Failure Analysis 

It was important to obtain the failure load for the parts. The loading condition for the part 

failure analysis was gathered from the static force analysis from Section 3.1.7. Appendix D is used 

to evaluate the static force and torques acting on the joints. These results were then used to 

identify the structural failure of the components under static loading conditions. For this 

particular manipulator application, the load acting on the manipulator will be along the X-

direction of the last frame. Therefore all other force components were assumed to be zero. The 

force and torques acting on the 3rd joint of the manipulator were derived parametrically as in 

Equation (42) and Equation (43). Therefore Fx = 1 N was considered to estimate the failure of 

the parts. Note that a load of 1 N already accounts for a factor of safety of  2.5.Therefore the 

load and torques acting on the 3rd joint using the information are as follows: 

 
F33 = �

Fx
0
0
�  and n33 = �

0
0
0
� Equation (50) 
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These loading conditions were applied on the 3rd joint to determine the static structural 

failure of the components (sensor support and link 2B). Similarly, the force and torques acting on 

the 2nd joint of the manipulator were derived from Equation (44) and Equation (45).They are 

presented in Equation (51), 

 
F22 = �

Fx ∙ cos(θ3)
0

Fx ∙ sin(θ3)
�  and n22 = �

0
−Fx ∙ L3 ∙ (sin(θ3))

0
� Equation (51) 

A combination of these force and torques were applied on link 2A and link 2B, to 

determine the structural failure of these components. The results obtained from Equation (51) 

are discussed in Section 4.1.2. 

Similarly, loads and torques obtained from Equation (46) and Equation (47) will be used 

to estimate the failure of the components at joint 1.The analysis assumed a load acting along the 

X-direction of the last frame. Equation (52) and Equation (53) are evaluated to determine the 

loading conditions on joint 1 of the device to determine the failure of the component. These 

loading conditions will be used to evaluate the failure of link 2A and inner tube. 

 
F11 = �

FX ∙ cos(θ2) ∙ cos(θ3)
Fx ∙ sin(θ3)

−Fx ∙ cos(θ3) ∙ sin(θ2)
� Equation (52) 

 
N1
1 = �

Fx ∙ L3 ∙ sin(θ2) ∙ sin(θ3)
Fx ∙ L2 ∙ cos(θ3) ∙ sin(θ2)

Fx ∙ sin(θ3) ∙ (L2 + L3 ∙ cos(θ2))
 � Equation (53) 

3.2 Sensor Design 

The sensor was designed to measure the normal tissue reaction force acting on the 

bladder., therefore requiring high sensitivity. In order to meet the dimension constraints along 

with the loading conditions that the sensor needs to measure, a sensor concept was developed, 
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designed and analyzed. The sensor working principle is as presented in Figure 23. According to 

Figure 23 a normal load will act on the load transmitting element. This load will be transferred to 

a beam and will be measured by the sensing element.. A sensing element will be attached to the 

beam. The beam will be designed such that uniform loading on the beam can be measured by 

using a strain gauge along the axial direction of the beam. The sensor is designed using 4 

components such that the load can be transferred from the apex of the device to the sensing 

element, which is the strain gauge attached on the beam in the sensor assembly. The 4 

components of the sensor are sensor head, upper clamp, lower clamp and beam. Figure 24 is the 

exploded view of the proposed sensor assembly, the components of the sensor assembly will be 

discussed in Section 3.2.1 

 

 

Figure 23: Proposed sensor working principle 
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Figure 24: Proposed sensor assembly model 

3.2.1 Sensor Design Components 

Sensor head: This component of the assembly contacts the tissue on the hemispherical 

end and the beam at the opposite end. This sensor head will help to transmit the contact force 

from the tissue to the sensing element. The legs of the sensor head will be guided into the pockets 

provided in the sensor support component discussed. The legs of the sensor head are free to 

translate, in a prismatic motion along the length, in the sensor support component. Also the 

sensor head will be held to the assembly by a threaded screw that will pass through the locating 

slots (Figure 25), which provides free translation of the sensor head. The extrusion at the bottom 

of the dome called as load transfer extrusion, located between the two legs of the sensor head, 

will transmit the applied load to the beam. The deflection in the beam will be measured by the 
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sensing element. The clamping bolt spacing was provided because the sensor head should not 

come in contact with other clamping components. Appendix A.5 shows the sensor head drawing. 

 

Figure 25: Sensor assembly: sensor head component 

 

Upper clamp: The upper clamp of the sensor is the part which is situated exactly below 

the sensor head. The important function of this part is to firmly hold the beam, such that both 

ends of the  beam are fixed. This is achieved by providing clampers on one face of the component 

as presented in Figure 26. The guideway for the sensor head legs and load transfer extrusion 

were provided in this component, as shown in Figure 26. These guideways allow frictionless 

motion of the legs and the load transferring extrusion. Apart from these slots, clamping bolt holes 

are provided on this part to clamp it along with the lower clamp component of the sensor 

assembly. 
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Figure 26: Sensor assembly: upper clamp component 

Lower clamp: The lower clamp in the sensor assembly will serve the main purpose of 

holding the beam which will be attached with the strain gauge. Step-1 is used to serve this 

purpose as presented in Figure 27. It was necessary to provide an arrangement such that a 

mechanical stop will be activated, in case a force greater than 0.4 N was applied normal to the 

sensing element. This function was provided by designing Step-2. This mechanical stop will also 

be used to indicate to the physician that the applied force is reaching an unsafe load for the beam 

sensor assembly so that appropriate action to stop the further testing of the tissue can be taken. 

The lower clamp component has slots similar to the upper clamp component to allow a prismatic 

motion for the sensor head legs. Slots were provided for wire harnessing of the strain gauge 

wires. 
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Figure 27: Sensor assembly: lower clamp component 

Beam: The model of the beam is presented in Figure 28. It was necessary to design the 

beam such that it can provide a reading for not only applied load but also an indication if the load 

was exceeding specified maximum limit. Due to size constraints of the device, it was necessary 

that the load transferring mechanism of the beam be simple, yet provide necessary output data. 

The beam will be fixed between the upper and lower clamps. This will theoretically allow for the 

analysis to consider both ends of the beam fixed. The strain gauge will be mounted at the bottom 

face of the beam along the axial direction as shown in Figure 28. It was essential to attach the 

strain gauge at the bottom face because the top face of the beam will come into contact with the 

sensor head component. Section 3.2.2 will discuss the analysis for the design of the beam. 
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Figure 28: Sensor assembly: beam component 

3.2.2 Analysis for Sensor Beam Design 

The parametric equations derived in Bansal were used to design a fixed-fixed beam 

assuming a concentrated load at the center[48].. These equations were used to evaluate  beam 

thicknesses. The selected thicknesses were then used to determine the strains and the maximum 

deformation in the beam. The deformation in the beam was obtained using the Euler-Bernoulli 

beam theory [49]. Equation (54) represents the deformation of the beam as a function of applied 

load, active length, geometric and material properties. Due to symmetry, deformation along only 

half length of the beam was evaluated [48]. Figure 29 is a representation of the beam boundary 

condition along with the active length of the beam. 
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Figure 29: Fixed-fixed beam schematic 

 

 

δ =
�F ∙ x3

12 − F ∙ L ∙ x2
16 �

E ∙ I
  Equation (54) 

The bending stress in the beam was evaluated using the relationship between the 

geometric properties of the beam and the moment due to the applied load. This was evaluated 

as in Equation (55) and Equation (56), 

 
σmax = Mmax ∙

y
I

=
F ∙ L

8
∙

h
2

b ∙ h3
12

 Equation (55) 

 ϵmax =
σmax
𝐸𝐸

 Equation (56) 

Where, 𝛿𝛿 is the deflection in bending direction of the beam at any point up to half length 

of the beam, 𝐹𝐹 is the applied load, 𝑥𝑥 is the distance along the length of the beam as represented 

in the Figure 29, 𝐿𝐿 is the total length of the beam, E is the Young’s odulus, I is the moment of 

Inertia, 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚is the maximum bending stress, 𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚  is the maximum bending moment, 𝑦𝑦 is the 

perpendicular distance to the neutral axis, 𝑏𝑏 is the width of the beam, ℎ is the thickness of the 

beam and 𝜖𝜖 is the strain. 

Using Equation (56), a rectangular geometry was considered in the design of the beam 

thickness to achieve reasonable and measurable strain. Figure 30 was used to select the thickness 

considering the failure of the beam and the measurable axial strain of the beam. Due to the size 

constraints the length and the width of the beam were selected as 2 mm and 1 mm respectively. 

The analysis of the beam was performed assuming medical grade stainless steel material 

properties with a yield strength of 300 MPa [47]. For selecting beam thickness a normal load of 
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0.4 N was applied at the center of the beam. As represented in Figure 30, the green colored 

markers indicate stresses in the beam considering a factor of safety of 3 or greater.  

 

Figure 30: Strain as a function of thickness for beam selection for applied load of 0.4 N 

The blue colored markers indicate stresses induced in the beam with the factor of safety 

below 3 but not at failure, and the red markers indicate stresses induced which will cause the 

beam to fail. Figure 30 helps in selecting a beam thickness of any values greater than 0.08 mm. 

However, it was necessary not to choose a thicker beam as it would reduce the sensitivity of the 

reading thus requiring a high-resolution data acquisition device. Hence, beam thickness of 0.1 

mm was selected considering the design requirements, and ability to measure the load less 

than 0.4 N. Upon having the desired beam thickness it was essential to perform a strain analysis, 

which would determine the minimum readable strain by the data acquisition device (DAQ). From 

Equation (56) strains were calculated for variable beam thickness and loads acting on the beam. 
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A code was generated in MATLAB to evaluate the strain on the beam as a function of applied load 

starting from 0 N to a maximum of 0.4 N. A National Instruments DAQ device (16-bit, model 

no.USB-6001) was selected to acquire the data of the strain gauge. The other input parameters 

were excitation voltage of 5 V, strain gauge resistance of 120 Ω and strain gauge factor of 2.09. 

It was evaluated that the minimum readable strain without amplifying the signal was 

approximately 30.5 𝜇𝜇𝜇𝜇, which corresponds to a load of 0.04 N. Whereas the strain value obtained 

for a 0.4 N load was 310 𝜇𝜇𝜇𝜇.The analysis adapted to convert the change in output voltage to the 

strain experienced by the beam is presented in Appendix E. Figure 31 is a representation of the 

strains as load was applied with various beam thickness. Green line was evaluated for the 

selected beam thickness of 0.1 mm. In Figure 31 Black lines indicate the strains with respect to 

applied load for beam thicknesses of 0.06 mm, 0.08 mm, 0.12 mm and 0.14 mm. These 

thicknesses were selected because the beam with thickness less than 0.06 mm will fail and with 

thickness greater than 0.14 mm will yield very small strain values. 
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Figure 31: Strain as a function of applied force on the beam with various thicknesses 

 

 

3.2.3 Strain Gauge 

The sensor is one of the most important components of the device because it is needed 

to measure the applied force that the tissue will experience. A sensor is designed such that it can 

read relatively small forces with high sensitivity and less than 0.4 N. A sensor using a strain gauge 

can be effectively designed to obtain the necessary data. The design of the sensor discussed in 

this section assumes an off-the-shelf strain gauge having maximum dimensions of 1 × 1.5 mm. 

The strain gauge will be attached to the bottom side of the beam, facing the lower clamp in the 

sensor assembly. The proposed strain gauge for the application is a metal foil strain gauge. 

Analysis for current research was performed using a strain gauge (gauge type EA-13-060LZ-120) 

from Measurements group, Inc. having a resistance of 120  Ω.,a gauge factor of 2.09. The 

allowable strain range for the attached strain gauge is approximately 5% for 6mm gauge length. 

Figure 33 represents the strain gauge attached on the scaled prototype beam model. 

 

Figure 32: Strain gauge attached on the scaled aluminum prototype beam model 
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Chapter 4  

Result and Discussion 

4.1 Results 

4.1.1 Kinematics Verification of the Design 

On deriving the kinematics equations for the device, verification was performed to 

confirm that the device indeed reaches the desired position. This verification was performed by 

aligning the 4th frame as demonstrated in Figure 18 of the device assembly to the area near the 

trigone of the bladder. This can be demonstrated by selecting a point on a sphere. 

As discussed in Section 3.1.6, the joint angles were defined to be zero and the link length 

values were obtained from the design of the device, to acquire the forward kinematics results.  

The relationship was evaluated by substituting the defined joint values into Table 4 along with 

the geometrical design constants. The final homogeneous transformation matrix that relates the 

sensor tip frame to the base frame was then obtained by performing the operation in Equation 

(57). 

 

H4
0 = H1

0 ∙ H2
1 ∙ H3

2 ∙ H4
3 = �

1 0 0 29
0 1 0 0
0 0 1 0
0 0 0 1

� Equation (57) 

. Geometric calculations can verify that, having all the joint variables defined to be 0°, the 

sensor tip is 29 mm away from the base frame in the X-direction of the base frame. Along with 

the geometric verification of the forward kinematics, it was necessary to perform an analysis 

which can assure that the device will be able to reach the trigone of the bladder. To verify if the 

device indeed reaches the trigone region, 2 more arbitrary points on a sphere with radius 
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equivalent to bladder dimension were chosen. This sphere represented a completely filled 

bladder. On performing the forward kinematics it was evaluated that coordinates 

 15.7 mm,−11.1 mm,−4.5 mm  were obtained for joint angles configuration −10°, 56°,− 84° 

as represented in Figure 34. Coordinates  19.21 mm, 2.12 mm, 13.62 mm were obtained on the 

trigone for the joint angles configuration 13°,−70°, 0° and this is shown in Figure 35. Evaluating 

these results concluded that the variation in the radius obtained by both the coordinates with 

respect to the base frame were due to the assumption the robot was a stick manipulator. Frame 

assignment did not consider the geometry of the links. Figure 34 and Figure 35 represents a 

model for an inner bladder wall, the trigone region is presented, the base, and the last frame of 

the robot and the bladder are shown in the figure as well. Equation (58) and Equation (59) were 

used as input parameters to evaluate the joint angles for both configurations. As estimated the 

joint angles obtained on performing inverse kinematics resulted as equivalent to those that were 

given as input in the forward kinematic analysis. The inverse kinematics was performed using the 

code attached in Appendix C. Also, verification for inverse kinematics was performed by providing 

a homogeneous transformation matrix which represented a frame out of workspace area and as 

expected, the results were not provided, the reason beingthe frame not being in workspace. 

 

H4
0 = H1

0 ∙ H2
1 ∙ H3

2 ∙ H4
3 = �

0.19 −0.54 0.81 15.758
0.98 0.13 −0.14 −11.114
−0.03 0.82 0.55 −4.5972

0 0 0 1

� Equation (58) 

 

H4
0 = H1

0 ∙ H2
1 ∙ H3

2 ∙ H4
3 = �

0.33 −0.22 −0.91 19.21
0.07 0.97 −0.21 2.12
0.93 0 0.34 13.62

0 0 0 1

� Equation (59) 
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Figure 33: Schematic representation of forward kinematic analysis to verify if the device 

reaches the trigone area with coordinates (15.7, -11.1, - 4.5) mm 

 

 

 

Figure 34: Schematic representation of forward kinematic analysis to verify if the device 

reaches the trigone area with coordinates (19.2, 2.1, 13.6) mm 
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4.1.2 Static Force and Joint Torque for Part Failure Analysis 

The loading condition mentioned in Section 2.4.2, such that a load of 1 N was applied on 

the sensor tip, considering a factor of safety of 2.5. This load will be transmitted to the sensor 

support component. A fixed support is provided, on the face where the lower clamp of the sensor 

assembly would rest. The material used for the analysis was medical grade stainless steel having 

a yield strength of 300 MPa [47]. The finite element analysis was performed in ANSYS Workbench 

17.0 with a Hex Dominant mesh consisting of 147926 elements. Figure 36 shows the equivalent 

von-Mises stress estimated on the sensor support component. The loading conditions mentioned 

Equation (50). The loading conditions for all components are obtained by applying a normal load 

of 1 N on the last frame. For failure analysis the configuration selected was such that all the joint 

angles were rotated to 45°. Maximum stress estimation for sensor support component was 

approximately 2 MPa. Thus an additional factor of safety of 150 was assured.  

The analysis was performed for Link 2B for a similar configuration, where all the joints 

were rotated at 45°. Figure 37 shows the estimated equivalent stress experienced by link 2B due 

to the loading condition applied from Equation (50) and Equation (51). The analysis was 

performed with a Hex Dominant mesh consisting of 160106 elements. The maximum stress that 

this component experiences is 4.3 MPa. An additional factor of safety of 18 is evaluated for the 

component. 
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Figure 35: Boundary condition and equivalent von-Mises stress determined on the sensor 

support component 

 

Figure 36: Boundary condition and equivalent von-Mises stress determined on link 2B 
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The analysis in Section 3.1.9 was used to evaluate the loading condition on link 2A and 

inner tube. These loading conditions on link 2A are obtained from Equation (51), Equation (52) 

and Equation (53).The analysis is performed with a Hex Dominant mesh consisting of 68628 

elements. Figure 38 shows the maximum stress experienced by link 2A, which is 46 MPa. 

Assuming the material to be medical grade stainless steel with the yield strength of 300MPa [47], 

a factor of safety of 6.4 is achieved in addition to the 2.5 already considered due to the applied 

loading condition.  

The loading condition for the inner tube component is obtained from Equation (52) and 

Equation (53). The analysis is performed with a Hex Dominant mesh consisting of 206854 

elements. Figure 39 shows the estimated equivalent von-Mises stress. The maximum stress 

experienced by inner tube is 160 MPa, which yieldes an additional factor of safety of 1.87. 

 

Figure 37: Boundary condition and equivalent von-Mises stress estimated on link 2A 
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Figure 38: Boundary condition and equivalent von-Mises stress estimated on inner tube 

4.1.3 Proposed Sensor Concept Verification 

The proposed sensor was fabricated at 5 times scale using in-house 3D printer, and 

assembled for verification as represented in Figure 40. For the verification of the operation of the 

scaled sensor prototype a sensor calibration set-up developed for a different in-house project 

was modified such that the proposed sensor can be mounted on it. For conceptual verification, 

the beam was chosen as aluminum having a modulus of elasticity of 69 GPa. Dead weights were 

added on the carriage of the calibration set-up which transferred the load to the sensor head, 

which eventually transfers the load to the beam and thus sensing element. The sensing element 

can measure only the normal component of the applied load, and no indication will be provided 

if loads other than normal are experienced. Analysis was carried out for experimental verification 
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of the scaled sensor prototype. Maximum stress experienced by a fixed at both end beam was 

evaluated in Equation (55) 

Where, 𝜎𝜎max is maximum stress experienced by the sensing element, F is normal load 

applied on the sensor head, L is active length of the beam and Z is section modulus of the beam. 

The maximum strain experienced by the beam in the elastic region can be evaluated using the 

linear relationship between stress and strain. This was evaluated in Equation (56). 

 

Figure 39: Illustration of sensor assembly without sensor head component 

Where, E is Young’s modulus of the material, Z is the section modulus for a rectangular 

cross section, b is the width of the beam element, and h is the thickness of the selected beam 

element. Therefore the 5 times scaled beam model with same material properties will yield the 

strain equation as calculated in Equation (60). 

 ϵNmax =
1

25
∙

6 ∙ F ∙ L
8 ∙ b ∙ h2 ∙ E

 Equation (60) 

Hence from Equation (60) it was demonstrated that 25 times of actual load (0.4 N) needs 

to be applied on the scaled sensor prototype. Weights were added to the sensor calibration 

assembly and the change in voltage was obtained using Wheatstone bridge completion module. 
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The loads were incremented by 1 N. The resolution of 14-bit DAQ was 0.3 mV. Therefore the 

measurable strain for this minimum voltage was 115 𝜇𝜇𝜇𝜇, which corresponds to a load of 0.04 N 

and approximately 1 N in the scaled model. The sensitivity of the sensor can be improved further 

by amplifying the output voltage signal from the sensor. Each loading condition was repeated 5 

times, and similar responses were encountered. As expected a dead zone was identified when a 

load below 1 N was applied on the scaled model. Figure 41 demonstrates the signal flow chart of 

the proposed sensor calibration setup.  

 

Figure 40: Signal flow diagram of the proposed sensor design 

 

4.2 Discussion 

Quantitative measures for workspace analysis of the manipulator can be used to evaluate the 

efficiency of the proposed design. According to Craig, the length sum of the manipulator can be defined 

from Equation (61) [45].  
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L = �(ai−1 + di)

N

i=1

 Equation (61) 

Where, L is length sum, a is MDH parameter, d is MDH parameter and N is Total number 

of links. From Equation (61) the length sum for the manipulator is evaluated as  

 L = L2 + L3 + L4 = 19 Equation (62) 

The structural length index defined from Craig is used to estimate the structural amount 

of relative index to generate a given work volume. A good design should have low 𝑄𝑄𝐿𝐿 value. The 

proposed manipulator workspace volume is 28349 mm3. The workspace volume is 

approximated using the volume of a hemisphere. Therefore the structural length index is 

evaluated as 

 QL =
L

√w33  
=

19
√14365.453 = 0.78 Equation (63) 

Where, L is the length sum of the manipulator, w is workspace volume. This is a small 

value for QL which indicates a good conceptual designed manipulator 

Initial experiments on the scaled sensor calibration setup were performed in sets of 10. 

Dead weights of  100 g, 200 g, 300 g, 400 g and 600 g were used in the experiments. The signals 

were measured from the bridge completion module by using LabVIEW interface. The resulting 

output voltage from LabVIEW was processed to obtain the strain experienced by the strain gauge. 

Appendix E is the data obtained from the initial experiments on the sensor validation set up. On 

acquiring 10 such sets of data for a single loading condition, an average of strain value versus 

applied load was plotted. This result was then compared with the theoretical expected values. 

Figure 42 shows the comparison of the experimental and theoretical strain values. It was 

expected that the graph in Figure 42 is linear similar to that in Figure 31. However, the strain 
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values evaluated from experimentation were slightly higher as compared to the theoretical. This 

attributed to the difficulties to clamp the beam completely between the upper and lower clamps 

for a true fixed-fixed condition. 

 

Figure 41: Experimentally and theoretically comparison of strain experienced by the beam as 

a function of applied load 
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Chapter 5  

Conclusions and Recommendation for Future Research 

5.1 Conclusions 

The goal of the research was to develop a robotic device to evaluate soft tissue properties. 

In order to perform this task, it was necessary to design a miniature robotic device that will be 

able to reach the human bladder in-vivo without invasive surgery while minimizing discomfort 

during diagnosis. The device should be able to actuate inside the bladder and probe the inner 

bladder wall and the trigone area. To fulfil these goals the current research focused on designing, 

developing and analyzing a robotic device and a sensor. The discussion in Section 2.3 and Section 

2.4.1 included the proposed insertion methodology of the device in the urinary tract and design 

constraints of the device respectively. A mathematical hyperelastic model was introduced in 

Section 2.4 to estimate the approximate tissue loads. A rigid link manipulator design was 

proposed to manipulate inside the bladder and access the trigone area of the bladder. The device 

failed to access the area outside the trigone region. It was analyzed that the sensor tip of the 

proposed manipulator was not able to align to the normal from a point of interest on a surface. 

The device was able to reach the point of interest with an arbitrary orientation. Kinematic 

analysis was performed to develop a relationship between the sensor tip and the user end. Static 

force analysis was performed to evaluate the minimum required holding torque to estimate the 

actuator size. Failure analysis was performed using finite element results. A sensor design was 

proposed in Section, 3.2 to interact with the tissue  A beam was designed. The analysis was 

performed for the proposed sensor model. Precautionary measures in design of the beam were 

considered to indicate if the applied load exceeded the maximum recommended load. The strain 
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gauge used in the proposed sensor design was not sensitive enough to measure loads less than 

0.04 N. A scaled prototype of the device and model were developed. Initial experiments were 

performed on the scaled prototype sensor assembly. A relationship was developed between the 

scaled and actual sensor model. Based on the limitations identified during the current research 

for the proposed manipulator future recommendations are advised. 

5.2 Recommendations 

The device was designed considering 3 DOF manipulations. It was estimated that using just 

3 DOF does not assist with reaching the side walls of the bladder, nevertheless, this device can 

reach the trigone region of the bladder. Even if the existing design of the device was able to reach 

the specified point on the trigone of the bladder, it was not able to orient itself in a normal 

direction. Extending a 3 DOF mechanism to a 6 DOF will help gain access to all the regions inside 

the bladder and also orient in the normal direction to apply normal load on the tissue. Accessing 

areas other than the trigone may be of value to the physician to treat other bladder 

abnormalities. Therefore it is recommended to extend the analysis of a 3 DOF to a 6 DOF by the 

addition of a pitch, yaw and translation in the present design represents the existing and the 

recommended degree of freedom for the manipulator. The green arrows indicate the current 

degrees of freedom while the red arrows indicate the additional degrees of freedom. In  black 

arrows indicate the axis of rotation of the red arrows near it. Both the axis of rotation are about 

the same point, however, they have been marked at a distance for ease of understanding.  

Actuator can be implemented to actuate the tendons in the existing device to develop an 

automated system. The actuator will assist to automatically manipulate inside the bladder and 

probe the inner bladder wall to collect the necessary data.  
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Figure 42: Extended degrees of Freedom 

 

The calibration of the sensor prototype was performed using the Acrylonitrile Butadiene 

Styrene (ABS) material and aluminum for the beam component of the sensor assembly as 

discussed in Section4.1.3. For the actual model, the aluminum beam needs to be replaced with 

medical grade stainless steel beam. 

The strain experienced by the beam of the sensor assembly mentioned in Section 3.2.2 

was in the order of magnitude of around 10 𝜇𝜇𝜇𝜇. Semiconductor strain gauges can be investigated 

as an alternative to metal foil strain gauges. These strain gauges are suitable for small strain 

application, such as in the current research [50]. The overall dimension of the recommended 

semi-conductor bar shaped strain gauge is approximately 0.7 mm in length and 0.3 mm wide. 

Moreover the gauge factor for this strain gauge is approximately 155. This gauge factor is 

approximately 74 times larger than the metal foil strain gauge [50].  
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Appendix A  

Part Drawings 

A.1 Inner Tube 
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A.2 Link 2A 
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A.3 Link 2B 
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A.4 Sensor Support 
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A.5 Sensor Head 
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A.6 Upper Clamp 
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A.7 Lower Clamp 
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A.8 Beam 
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Appendix B  

Generalized Forward Kinematics Code 
%% Read data from Excel file 
clear all 
close all 
clc 
data='mdhtable_mechanism3.xlsx'; % read the MDH table 
sheet=4; % Extract the particular sheet number from the excel 

file 
[num, txt, raw] = xlsread(data, sheet, '', 'basic'); % Convert 

the excel file in to matlab readable array 
%% Initializiation for the code  
n=size(raw);  
H=eye(4); 
%% Define symbol 
pi=sym('pi'); 
%% Distinguish between syms and number entries from extracted 

data 
for i=3:n(1,1) % Considering only required data 
       for j=6:n(1,2) %Starting from 'a' parameter of MDH of 

colums in raw 
            entry=cell2mat(raw(i,j)); 
                if isnumeric(entry) 
                    num=num2cell(entry); 
                    raw{i,j}=num; 
                else 
                    raw{i,j}=sym(entry); 
                end 
      
       end 
end 
  
%% Create a Matrix for MDH parameter from the extracted data 
for k=6:n(1,2) % Column 
    for l=3:n(1,1) % Row 
        if isequal(k,6) 
            b{l-2}=(raw(l,k)); 
            a=[b{:}]; 
        end 
        if isequal(k,7) 
            c{l-2}=(raw(l,k)); 
            al=[c{:}]; 
        end 
        if isequal(k,8) 
            b{l-2}=(raw(l,k)); 



79 
 

            d=[b{:}]; 
        end 
        if isequal(k,9) 
            c{l-2}=(raw(l,k)); 
            th=[c{:}]; 
        end 
    end 
end 
clear i j k l b c num % clear variable so these can be used 

again 
  
%% Create cos and sine terms 
for i=1:length(a) 
     if isequal(class(th{i}),'sym') 
         ct(i)=cos(sym(th{i})); 
         st(i)=sin(sym(th{i})); 
     end 
     if isequal(class(th{i}),'cell') 
         ct(i)=cos(cell2mat(th{i})); 
         st(i)=sin(cell2mat(th{i})); 
     end 
      
     if isequal(class(al{i}),'sym') 
         cal(i)=cos(sym(al{i})); 
         sal(i)=sin(sym(al{i})); 
     end 
     if isequal(class(al{i}),'cell') 
         cal(i)=cos(cell2mat(al{i})); 
         sal(i)=sin(cell2mat(al{i})); 
     end 
end 
%% Create a(i) Vector 
for i=1:length(a) 
     if isequal (class(a{i}),'cell') 
        E(i)=(a{i});% Create a dummy variable to convert from 

cell to double 
        F=cell2mat(E(i)); 
        a{i}=sym(F); 
     end      
end 
a=[a{:}]; 
  
%% Creat d(i) Vector 
for i=1:length(a) 
     if isequal (class(d{i}),'cell') 
        E(i)=(d{i});% Create a dummy variable to convert from 

cell to double 
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        F=cell2mat(E(i)); 
        d{i}=sym(F); 
     end      
end 
d=[d{:}]; 
  
%% Homogenous Transformation Matrix 
clear i 
for i=1:length(a) 
       fprintf('Joint Number %d\n',i) 
       T=[ct(i),            -st(i),     0,                  a(i) 
             st(i)*cal(i),   ct(i)*cal(i),   -sal(i),    

d(i)*(-sal(i))  
             st(i)*sal(i),   ct(i)*sal(i),   cal(i),     

d(i)*cal(i) 
              0,                0,                0,           1]; 
       T=simplify(T); 
       disp(T) 
       TT{i}=T;        
       H=H*TT{i};        
end 
fprintf('Homogenous Transformation Matrix is \n') 
H=simplify(H); 
  
%% Simplify H Matrix 
digits(5); 
Q=vpa(H); 
disp(Q) 
for i=1:length(a) 
IT{i}=Inversematrix(TT{i}); 
end 
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Appendix C  

Inverse Kinematics Code 
clc 
clearvars -except H 
pi=sym('pi'); 
%% Pre defined MDH fixed parameters that will be used to select 
the solution set 
L1=200; 
L2=4;   
L3=4;  
L4=4; 
syms nx ny nz qx qy qz ax ay az px py pz 
% q=[ax qx nx px 
%    ay qy ny py 
%    az qz nz pz 
%    0 0 0 1]; 
q=H; 
q=vpa(q); 
fprintf('The given Homogenous Transformation matrix is \n') 
disp(q); 
 %% Assign joint limits:- 
 T1mx=degtorad(91); 
 T1mn=degtorad(-91); 
 T2mx=degtorad(91); 
 T2mn=degtorad(-91); 
 T3mx=degtorad(91); 
 T3mn=degtorad(-91);  
clear al gm a b c d e f g h i j k l m n t1 
%% Find theta 2 
ss=(q(3,1)^2)+(q(3,2)^2); 
c1=sqrt(1-((q(3,1)^2)+(q(3,2)^2))); 
c2=-sqrt(1-((q(3,1)^2)+(q(3,2)^2))); 
t2(1,1)=atan2(sqrt(ss),c1); 
t2(2,1)=atan2(sqrt(ss),c2); 
t2(3,1)=atan2(-sqrt(ss),c1); 
t2(4,1)=atan2(-sqrt(ss),c2); 
t2=simplify(t2); 
theta2=radtodeg(t2); 
clear i 
% Assign Joint limits for t2 
clear i j k 
for i=1:length(t2) 
        if ge(double(subs(t2(i,1))),T2mx) || 
le(double(subs(t2(i,1))),T2mn) 
            theta2(i,:)=(NaN); 
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        end 
end 
theta2=simplify(theta2); 
t2=degtorad(theta2); 
%% If Theta 2 is zero 
if isequal (double(q(3,3)^2),1) 
   clear i j k s13 c13 t1  
   % Find theta 1 
        for i=1:length(t2) 
             s1=(q(2,4)-(L4*q(2,1)))/(L2+L3); 
             c1=sqrt(1-((s1)^2)); 
             c2=-sqrt(1-((s1)^2)); 
             t1(i,1)=atan2(s1,c1); 
             t1(i+length(t2),1)=atan2(s1,c2); 
        end 
        t1=simplify(t1); 
        theta1=radtodeg(t1); 
% Assign Joint limits for t1 
for i=1:length(t1) 
        if ge(double(subs(t1(i,1))),T1mx) || 
le(double(subs(t1(i,1))),T1mn) 
            theta1(i,:)=(NaN); 
        end 
end 
theta1=simplify(theta1); 
t1=degtorad(theta1); 
   % Find theta3 
        for i=1:(length(t2)-2) 
            for j=i:2:length(t1) 
                t3(j,1)=(atan2(q(2,1),q(1,1)))-t1(j,1); 
                t3(j+length(t1),1)=(atan2(q(2,1),q(1,1)))-
t1(j,1); 
            end 
        end 
        t3=simplify(t3); 
        theta3=radtodeg(t3); 
% Assign Joint limits for t3 
for i=1:length(t3) 
        if ge(double(subs(t3(i,1))),T3mx) || 
le(double(subs(t3(i,1))),T3mn) 
            theta3(i,:)=(NaN); 
        end 
end 
theta3=simplify(theta3); 
t3=degtorad(theta3); 
else 
%% If theta 2 has any value except 0 
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    % Find theta 3  
clear cc s1 s2 c ss b 
for i=1:length(t2) 
    c(i,1)=(cos(t2(i,1)))^2; 
    b=(q(1,1)^2)+(q(2,1)^2); 
    if isequal (double(b),1) && isequal (double(c(i,1)),1) 
       cc(i,1)=1; 
    else  
     cc(i,1)=(b-1)/(c(i,1)-1); 
    end 
    s1(i,1)=sqrt(1-cc(i,1)); 
    s2(i,1)=-sqrt(1-cc(i,1)); 
    t3(i,1)=atan2(s1(i,1),sqrt(cc(i,1))); 
    t3((i+length(t2)),1)=atan2(s2(i,1),sqrt(cc(i,1))); 
    t3((i+2*length(t2)),1)=atan2(s1(i,1),-sqrt(cc(i,1))); 
    t3((i+3*length(t2)),1)=atan2(s2(i,1),-sqrt(cc(i,1))); 
end 
t3=simplify(t3); 
theta3=radtodeg(t3); 
clear i 
% Assign Joint limits for t3 
for i=1:length(t3) 
        if ge(double(subs(t3(i,1))),T3mx) || 
le(double(subs(t3(i,1))),T3mn) 
            theta3(i,:)=(NaN); 
        end 
end 
theta3=simplify(theta3); 
t3=degtorad(theta3); 
 % Find theta 1 
clear i j k a b c  
for i=1:length(t2) 
    for j=i:4:(length(t3)) 
        a=1; 
        b=1; 
        c=(q(1,3)+q(2,3))/sin(t2(i,1)); 
if ((double((b^2)+(a^2)-(c^2)))<0) 
            t1(j,1)=[NaN]; 
            t1(j+length(t3),1)=[NaN]; 
        else 
        t1(j,1)=2*atan2((b+sqrt(((b)^2)+((a)^2)-
((c)^2))),(a+c)); 
        t1(j+length(t3),1)=2*atan2((b-sqrt(((b)^2)+((a)^2)-
((c)^2))),(a+c)); 
end 
    end 
end 
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t1=simplify(t1); 
theta1=radtodeg(t1); 
 % Assign Joint limits for t1 
for i=1:length(t1) 
        if ge(double(subs(t1(i,1))),T1mx) || 
le(double(subs(t1(i,1))),T1mn) 
            theta1(i,:)=(NaN); 
        end 
end 
theta1=simplify(theta1); 
t1=degtorad(theta1); 
end 
%% Selection of the Solution  
clear i j k l m n J1 J2 J3 
syms m n o 
J1=max(abs(T1mx),abs(T1mn)); 
J2=max(abs(T2mx),abs(T2mn)); 
J3=max(abs(T3mx),abs(T3mn)); 
maxsum=J1+J2+J3; 
tsum=0; 
Fval=[m n o]; 
maxsum=radtodeg(maxsum); 
xxx=0; 
% All Possible solution sets 
if (length(t3)>length(t1)) 
    for i=1:length(theta2) 
        if ~isnan(theta2(i,1)) 
            for j=i:4:length(theta1) 
                if ~isnan(theta1(j,1)) 
                    for k=j:8:length(theta3) 
                        if ~isnan(theta3(k,1)) 
                            set(k,:)=[j i k]; 
                            xxx=1; 
                        end 
                    end 
                end 
            end 
        end 
    end 
end 
if (length(t3)<length(t1)) 
    for i=1:length(t2) 
        if ~isnan((theta2(i,1))) 
            for j=i:4:length(theta3) 
                if ~isnan((theta3(j,1))) 
                    for k=j:16:length(theta1) 
                        if ~isnan((theta1(k,1))) 
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                            set(k,:)=[k i j]; 
                            xxx=1; 
                        end 
                    end 
                end 
            end 
        end 
    end 
end 
if isequal(xxx,1) 
set(all(~set,2),:)=[]; 
%% Choose proper set and display solution 
clear i j k l sz 
sz=size(set); % extract the size of solution set 
k=sz(1,1); % No. of valid solution sets 
l=sz(1,2); % No. of D.O.F. 
for i=1:k 
        NT(1,i)=theta1(set(i,1)); 
        NT(2,i)=theta2(set(i,2)); 
        NT(3,i)=theta3(set(i,3)); 
end 
%% Fixed MDH parameters 
clear i j o z 
z=0; 
a=[L1,L2,L3,L4]; 
al=[0,3*pi/2,pi/2,0]; 
d=[0,0,0,0]; 
NT=degtorad(NT'); 
for o=1:k % k is number of solution sets 
    NH=eye(4); 
for i=1:length(a) 
    if le(i,l) 
         ct(i)=cos((NT(o,i))); 
         st(i)=sin((NT(o,i))); 
    else 
        ct(i)=cos(0); 
        st(i)=sin(0); 
    end 
end 
for j=1:length(al) 
         cal(j)=cos((al(j))); 
         sal(j)=sin((al(j))); 
end 
  
%% Homogenous Transformation Matrix 
clear i 
for i=1:length(a) 
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       T=[ct(i),            -st(i),     0,                  a(i) 
             st(i)*cal(i),   ct(i)*cal(i),   -sal(i),    d(i)*(-
sal(i))  
             st(i)*sal(i),   ct(i)*sal(i),   cal(i),     
d(i)*cal(i) 
              0,                0,                0,           1]; 
       T=simplify(T); 
       TT{i}=T;        
       NH=NH*TT{i};        
end 
digits (6) 
NH=simplify(NH); 
%% Compare New homogenous and given Homogenous 
digits(7) 
   if le(double((vpa(NH))-((vpa(H)))),double(1.0e-3)) 
    z=1; 
    SNH=NH; 
    FNT1=radtodeg(NT(o,1)); 
    FNT1=simplify(FNT1); 
    FNT2=radtodeg(NT(o,2)); 
    FNT2=simplify(FNT2); 
    FNT3=radtodeg(NT(o,3)); 
    FNT3=simplify(FNT3);   
   end 
end 
%% Print Final Answer 
if isequal(z,1) 
    fprintf('The desired H matrix has Theta1 (deg): \n') 
    disp(round(FNT1)) 
     
    fprintf('The desired H matrix has Theta2 (deg): \n')     
    disp(round(FNT2)) 
     
    fprintf('The desired H matrix has Theta3 (deg): \n') 
    disp(round(FNT3)) 
end 
    if isequal(z,0) 
        fprintf ('Plese verify the Final homogenous Matrix, Point 
not in Workspace') 
    end 
end 
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Appendix D  

Jacobian Determinant 
clc 
close all 
clearvars -except TT % where TT is the Final homogenous matrix 
% syms Fx Fy Fz 
L1=200; % Unit for length mm 
L2=4.5; 
L3=4.5; 
L4=10; 
Fx=-1; % units for force N 
Fy=0; 
Fz=0; 
% In the for loop below(length(TT)+1)= 5 is nothing but frame 4 
and similarly going to 
%  1 is nothing but frame 0  
 for i=length(TT)+1:-1:1 
    if isequal(i,length(TT)+1) 
        R{i}=eye(3,3); 
        F{i}=[Fx;Fy;Fz]; 
        N{i}=zeros(3,1); 
    else 
      [R{i},P{i}]=RoPo(TT{i}); 
      F{i}=R{i}*F{i+1}; 
      N{i}=(R{i}*N{i+1}+cross(P{i},F{i})); 
    end 
end 
clear i 
for i=1:length(TT) 
    N{i}=simplify(N{i}); 
    F{i}=simplify(F{i}); 
    N{i}=vpa(N{i}); 
    F{i}=vpa(F{i}); 
    fprintf('Torque at Frame %d\n',i-1) 
    disp(N{i}) 
end 
  
%% Find Maximum torque on joints within the given range of theta's 
counter=0; 
% t3=pi/2; 
% t2=pi/2; 
 for t3=-pi/2:pi/6:pi/2 %from -90 to 90 with increment of 30 
     for t2=-pi/6:pi/6:pi/2 
           for t1=-pi/2:pi/6:pi/2 
               for i=1:(length(N)-1) 
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                   M{i}=subs(N{i}); 
                   if isequal(i,(length(N)-1)) 
                      Np{counter+1}=vpa(M); 
                      Mp=vpa(Np); 
                      v{counter+1}=vpa([radtodeg(t1) radtodeg(t2) 
radtodeg(t3)]); 
                      counter=counter+1; 
                   end 
                 
               end 
          end 
    end 
end 
clear i X Y Z t 
for i=1:length(Np)     
    X{i,1}=Np{i}(3,2); 
    S{i,1}=(v{i}(1,1)); 
end 
clear i 
for i=1:length(Np) 
    Y{i,1}=Np{i}(2,3); 
end 
clear i 
for i=1:length(Np) 
    Z{i,1}=Np{i}(3,4); 
end 
S=vpa(S); 
X=vpa(X); 
Y=vpa(Y); 
Z=vpa(Z); 
figure(1) 
grid on 
hold on 
xlabel ('\theta (deg)'); 
ylabel ('\tau (Nmm)'); 
p1=plot(S,X,'-rs','Linewidth',1.5); 
hold on 
p2=plot(S,Y,'-bo','Linewidth',1.5); 
hold on 
p3=plot(S,Z,'-kx','Linewidth',1.5); 
hold off 
legend([p1 p2 p3],'Torque at \theta_1','Torque at 
\theta_2','Torque at \theta_3') 
title('Torques at Joints when Force of -0.4 N is applied in normal 
direction of sensor frame') 
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Appendix E  

Sensor Experiment data 
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