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Model Answer 

Question  (20 marks)
Fig. Q.1 depicts some schematic drawing for Cartesian, Articulated, SCARA, and Spherical 
manipulators, respectively. Draw a freehand sketch for the estimated workspace. 

            

 

(a) Cartesian manipulator        (b) Articulated manipulator 

 

(c) SCARA manipulator      (d) Spherical manipulator 

Fig. Q1: Schematic drawing of serial manipulators 

  

Solution  

(a)         (b) 

   
(c)         (d) 

Questions  and  are mandatory for All Students. 

Side view       Top view Side view    Top view 

Side view       Top view Side view    Top view 

(05 each) 
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a) Give your own comment with an example to validate that the rotation sequence XYZ fixed frame 
is equivalent to ZYX Euler.             (05) 

Question  (20 marks) 

b) Fig. Q.2 shows a two-link manipulator with rotational joints. Calculate the velocity and 
Jacobian of the tip of the arm as a function of joint rates. Give the answer in two forms, in terms 
of frame {3} and also in terms of frame {0}.           (10) 

c) General mechanisms, sometimes, have certain configurations, called “isotropic points, “where 
the columns of the Jacobian become orthogonal and of equal magnitude”. Referring to part (b), 
find out if any isotropic points exist.  Hint: Is there a requirement on L1 and L2?

 

    (05) 

Fig. Q.2: A two-link manipulator 

a)  
Solution  

 
 
 
 
 
 
 
 
 
b)  

     
i 𝛼𝑖−1 𝑎𝑖−1 𝑑𝑖 𝜃𝑖 
1 0 0 0 𝜃1 
2 0 𝑙1 0 𝜃2 
3 0 𝑙2 0 0 

Table 1: D-H Parameters 
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� 𝑃𝐴 � = 𝑅𝑍𝑅𝑌𝑅𝑋� 𝑃𝐵 � 

XYZ fixed frame 
Order: 
rotation around X by alpha 
Followed by rotation around Y by Beta 
Followed by rotation around Z by Gamma 
It is called Extrinsic 

� 𝑃𝐴 � = 𝑅𝑍𝑅𝑌𝑅𝑋� 𝑃𝐵 � 

ZYX Euler 
Order: 
rotation around Z by alpha 
Followed by rotation around new Y by Beta 
Followed by rotation around new X by Gamma 
It is called Intrinsic 
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c)  

 



Hussein H. Shehata (PhD) 4/9 Robotics|Final Exam|2018 

 
 

a) What might be meant by the statement: “An n-DOF manipulator at a singularity can be treated 
as a redundant manipulator in a space of dimensionality (n – 1)”.       (10) 

Question  (25 marks) 

b) For the three-link manipulator shown in Fig. Q.3, give a set of joint angles for which the 
manipulator is at a workspace-boundary singularity and another set of angles for which the 
manipulator is at a workspace-interior singularity.         (15) 

 
Fig. Q.3: The 3R non-planar arm manipulator 

 

a) The statement means that “at a singularity an n-DOF robot only has 

Solution  

N-1 DOF remaining. Hence, it can move freely in some N-1 
dimensional subset. However, it is still true that it has n joints. 
Therefore, we have a device which has one more joint than the 
dimensionality of the space it is described in – and that is what a 
redundant manipulator is. 

b) Workspace boundary: any angle set: {θ1, θ2, 0} 
Workspace interior: any angle set such that:  
L1+L2C2+L3C23=0…….( θ1 is arbitrary) 

When building a mobile robot, selecting the drive motors is one of the most important decisions you 
will make. Assume the 4 Wheeled Drive Mobile Robot (4WD-MR) as depicted in Fig. Q.4, with 
a total mass of 75 kg is travelling with a trapezoidal motion profile. You are required to make a 
complete motor sizing for this application, considering the worst case.    

Question   (25 marks) 

Assume any data that you need. 

For the remaining questions, 
all students are required to solve 2 QUESTIONS ONLY. 
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         (a) 4WD-MR            (b) Trapezoidal motion profile 

Fig. Q.4: 4WD-MR 

 

Solution  

Fig. Q.5 depicts a schematic diagram of the 2-DOF long-reach robot arm. The first link weighs 50 
kg and the second link 10 kg. Their total lengths are 1.5 m and 4 m, respectively. At the depicted 
posture, where the first link is rotated by 110° and the second link is traveled by 3.5 m forward, 
determine the required torque and force of both actuators to maintain the configuration. For 
simplicity, let the C.G. of the links be at their mid-point. 

Question  (25 marks) 

 
Fig. Q.5: Schematic diagram of the 2-DOF long-reach robot arm 

Best Wishes for all, 
Dr. Hussein Shehata 
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Solution Guide  
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