
  

  

Abstract— Recent developments in upper limb wrist 
prosthetics allow for amputees to closely mimic the motions of a 
healthy human wrist. Although many active wrist prosthetics 
can flex and extend, relatively little work is done with their 
ability to pronate and supinate without the use of additional 
motors between the region where the forearm meets the hand. 
This paper reports a 3SPS-S-3RRR mechanism that provides 
quasi-spherical motions, mimicking a wrist’s ability to flex and 
extend. It is also designed to offer rotational motion with offset 
Kresling arms to achieve motions conforming with pronation 
and supination. The paper explores the kinematics of the 
mechanism and introduces the use of motion capture acquisition 
in further studies.  

I. INTRODUCTION 

There are approximately 50,000 new major limb 
amputations every year in the United States, and prosthetic 
devices offer a way for the amputees to mimic the motions of 
a healthy human upper limb. [1] [2] Compact, lightweight, 
and active prosthetic wrists are needed for the comfort of 
trans-radial amputees, but many prosthetic wrist devices are 
lightweight and compact at the expense of complexity in 
motion. On the other hand, many prosthetic wrist devices that 
can provide the motion range of pronation and supination 
make use of additional motors, which in turn, increases the 
overall weight of the device. [3] [4] [5]  
 

Parallel mechanisms have been recently introduced to 
provide an alternative to conventional prosthetic wrist devices. 
The apparent advantages include but are not limited to its 
weight, quasi-spherical motions, and its compatibility with 
tendon-actuated designs. The disadvantages include its size, 
the lack of pronating and supinating motions, and difficulty in 
controls. [6] [7] [8] Limited prior works have been done to 
design a quasi-spherical parallel mechanism for wrist 
prosthetics that are able to pronate and supinate. [9] [10] This 
paper makes use of a Kresling arm resembling the Kresling 
patterns in origami to allow pronating and supinating motions 
for a spherical parallel manipulator.   
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II. MECHANISM DESCRIPTIONS 

The human wrist presents a set of complex motions with a 
combination of extension/flexion, pronation/supination, and 
radial/ulnar deviation, as shown in fig. 1(a). [11] It is also 
commonly modelled as a saddle joint or a condyloid joint, as 
illustrated in fig. 1(b). Most prosthetic devices are modelled 
to provide the motion range of a saddle joint or a condyloid 
joint, but the proposed design aim to provide a rotational 
motion in addition to the conventional 2-DOF motion. [12] 

 
Figure 1.  Illustration of basic human wrist motions including 
flexion/extension, ulnar/radial deviation, and pronation/supination 
(a). Saddle joint and condyloid joint (b). 

 
As a starting point, a conventional 3SPS mechanism was 

proposed to offer spherical motion. Three prismatic kinematic 
chains are attached to the base circular plate, and are expected 
to provide the full range of quasi-spherical flexion/extension 
motion. A prismatic chain is attached to the center for 
simplicity in controls.  
 

An offset structural 3RRR design is introduced to account 
for the rotational motions. These kinematic arms are inspired 
by Kresling folds in origami. Kresling origami originates 
from the buckling and collapsing deformation of a cylindrical 
shell under compression. [13] These structures, with the 
prismatic chains, are expected to provide a spinning motion 
to the upper circular plate from its height differences. Fig. 2(a) 
and 2(b) shows the assembly of the mechanism. 
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Figure 2. Assembly of the 3SPS-S-3RRR mechanism (a), exploded 
view of the assembly (b). Assembly of the mechanism while flexing 
and extending (c), and while pronating and supinating (d). 

III. KINEMATICS OF MECHANISM 

This section first explores the kinematics of the offset 
3RRR Kresling arms during a spinning motion as shown in 
fig. 2(c), then the entire mechanism including flexion and 
extension as in fig. 2(d) with screw theory.  

A.  Forward Kinematics of the 3RRR 
The Denavit-Hartenburg (D-H) rule is used for the forward 

kinematics of the Kresling arm to result in a homogeneous 
transformation matrix. The frames are defined as shown in fig. 
3, and the D-H parameters are as presented in table 1. 

 
Figure 3.  3RRR frame diagram. 

TABLE I.  D-H PARAMETERS OF THE 3 RRR 

 
D-H Parameters 

𝜽 𝜶 𝒓 d 

1 𝜽𝟎 −
𝜋
4 L 0 

2 𝜽𝟏 
𝜋
4 L 0 

 
The end-to-end transformation matrix from the D-H 

parameters is written as: 

 𝑇!" =

⎣
⎢
⎢
⎡𝑐𝜃" −𝑠𝜃" 0 − #

$
0 0 1 0
𝑠𝜃" −𝑐𝜃" 0 0
0 0 0 1 ⎦

⎥
⎥
⎤
. (1) 

 

B.  Inverse Kinematics of the 3RRR 

 
Figure 4.  Top-view (a) and side-view (b) of the 3 RRR manipulator. 

 
 Fig. 4 shows the top-view and the side-view of the 
manipulator that indicates the parameters for inverse 
kinematics. Inverse kinematics of a kinematic chain describes 
the joint parameters given the end-effector position. [14] The 
joint parameters 𝜃" and 𝜃% are the rotational angle along with 
the Z axis in frame 0 and 1 respectively. 𝜙 is defined as the 
angle between the end-to-end joints in sideview. The 
parameters are defined as: 

 𝜃% = 𝑡𝑎𝑛&%('!
"

(!"
) (2) 

 𝜃! = 𝑠𝑖𝑛&%()!
"

*
) (3) 

 𝜃% = 𝑡𝑎𝑛&%( )!
"

*+,*!++()!
")!
). (4) 

C.  Inverse Kinematics of the 3SPS-S-3RRR 
The mechanism can be represented as series of linear 

combination of screws, where the end-effector velocity is 
denoted as { 𝜔 / 0; 𝑣 / 0} . [15] Plücker coordinates and the 
reference frames are defined in fig. 5. 
 

For each kinematic chain modelled for 3(SPS)-S, the 
velocity equation is written as 

 { 𝜔	/ 0; 𝑣	/ 0} = {0, 0}𝑖 $	
𝑏 1

𝑖 +	! 𝑣1
	
2"𝑖 $	

1 2
𝑖 + ! 𝜔2

	
3"𝑖 $	

2 3
𝑖 +

! 𝜔3	 4"𝑖 $	
3 4

𝑖 + ! 𝜔4
	
5"𝑖 $	

4 5
𝑖 + ! 𝜔5

	
𝑡"𝑖 $	

5 𝑡
𝑖. (5) 

Since $	/ % is fixed to the lower platform, the velocity is {0, 
0}. 𝜔%	 !	 is 0 because $	% !  models a prismatic joint. The 
spherical joints are modelled as three revolute joints $	! :, $	: $, 
and	 $	$ ;. 

 
Similarly, the 3 RRR kinematic chain can be written as  

	
{ 𝜔	/ 0; 𝑣	/ 0} = 	 ( 𝜔/	 %)< $	/ %

< + ( 𝜔%
	
!)< $	% !

< + ( 𝜔!
	
0)< $	! 0

<.  (6) 
 

 
Figure 5.  Plücker coordinates and reference frames. 
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IV. CONCLUSION 

This paper reports a design that satisfies the requirements 
of a conventional single 3-DOF spatial mechanism without 
the use of motors for rotational motion. The 3RRR slanted 
arm inspired by the Kresling origami design achieves the 
rotational motion required for wrist prosthetics. This provides 
a basis for the many parallel mechanism-inspired wrist 
prosthetics that are unable to perform rotational pronating and 
supinating motions. The ability of the design to perform 
spherical movements also allows the proposed design to 
function with the requirements of a conventional 3-DOF 
spatial design.  

 
Figure 6.  Motion capture set up.  
 

 
Figure 7.  Motion capture 3D visualization that shows an arm 
pronating, at rest, and supinating.  
 
Presented was a preliminary analysis before a physical 

prototype of the model was constructed. The model is 
expected to be 3D printed and manufactured to validate the 
results of the analysis. The proposed design also provides a 
basis for a novel prosthetic wrist for trans-radial amputees 
controlled through surface electromyography and actuated 
using motion capture data. Surface electromyography 
(sEMG) has already proven to be successful in allowing 
prosthetic rehabilitation patients to control limbs and joints 
with high precision using the remaining muscles and nerves 
from post-amputation stumps. [16] Further research is being 
conducted on training a regression model with surface 
electromyography and motion capture data. Surface 
electromyography data has been collected from forearm 
muscles present in trans-radial amputee stumps as shown in 
fig. 6 while motion capture data on the wrist has been obtained 
using the marker setup shown in fig. 7. Research is being 
conducted on the optimal regression method and feature sets 
to use. The regression model will be used to calculate the 
extent, speed, and direction of wrist motion and will be used 
to control the actuators of the proposed mechanism through 
sEMG signals. 
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