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Abstract 
In the prosthetics market, demand for lightweight and inexpensive solutions is rising. Performing 

daily activities is a lot more comfortable when the weight of the prosthesis is close to the natural 

weight of the human arm. The dexterity of robotic grippers is dependent on the available DOFs of the 

consecutive joints. Using a lightweight wrist joint will help with the dexterity of the whole limb 

solution while reducing its weight. These two fields, mostly prosthetics, are what the project is 

focusing on.  

The goal of our project was to develop and test a lightweight wrist-like joint with two degrees of 

freedom (DOFs), full actuation, and embedded standalone control. The DOFs are pitch and roll, or 

flexion/extension and pronation/supination in wrist joint movement terminology. The range of motion 

of the flexion/extension axis is 180 degrees and rotation axis 350 degrees. A servo is used to achieve 

flexion/extension and geared motor drives for rotation. The system is controlled by a microcontroller 

and we also developed a graphical user interface. 

The wrist prototype is a table-top model driven by synthetic signals. The assembly consists of three 

subassemblies: electronics, control unit and wrist unit assembly. Assembled wrist unit weighs 197 

grams and it was tested that it can safely sustain a load of 300 grams.  
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1. Introduction 

Prosthetic limbs can be heavy, uncomfortable and tiring to use, even to an extent where people don’t 

want to use them (Biddiss & Chau, 2007). Performing daily activities is a lot more comfortable when 

the weight of the prosthesis is close to the natural weight of the human arm (Cordella et al., 2016). 

Thus, there exists a market for lightweight prosthetic upper limbs. Most of the prosthetic wrists on 

the market have only one powered degree of freedom (DOF) (Kyberd et al., 2011). Robotic grippers’ 

dexterity depends on available DOFs of the consecutive joints, so having a lightweight dexterous 

wrist joint will help make the whole solution more dexterous and reduce weight. Upper limb 

prosthetics and constrained environments where robotic grippers are needed would benefit of a 

lightweight, compact wrist joint. With those applications in mind, we started this project. 

During the project work course, we developed and tested a lightweight wrist-like joint to tackle the 

above-mentioned problems. We built a corresponding table-top prototype with two DOFs controlled 

by synthetic signals. We assume that complexities such as more DOFs, myoelectric signals or even 

non-invasive neural integration could be added in the future designs. 

In this report, the implementation of the robotic wrist is discussed, as well as aspects related to 

project management. In section 2, the objective of the project is described in detail. Relevant parts 

of the Project plan are highlighted in section 3. Electrical and Mechanical systems are described in 

sections 4 and 5 and results of testing in section 6. Section 7 focuses on reflection of the project and 

last, in section 8, there is discussion and conclusions. 

2. Objective 
The objective of our project was to develop and test a compact, lightweight, articulated “wrist-like” 

joint with full actuation and an embedded standalone control. The robotic wrist should be capable of 

moving with at least two DOFs (roll and pitch). Initially we preferred that it would have three DOFs 

(roll, pitch and yaw). Rotation wrist unit should provide 360 degrees of operation and 

flexion/extension unit the full range of motion of a human wrist (78 degrees). 

The system was planned to be a table-top model with synthetic control signals. This meant that the 

wrist would be tested in “ideal” conditions and implementation would not become too complex. Both 

wrist units were to be tested to ensure precise control and to be characterized in terms of joint angle 

accuracy. The two units were to be merged into a single design with a single control interface 

including a test software. The control interface was to be incorporated into a single user-friendly 

control framework. We planned to operate the joint with e.g. joystick or synthetic signals generated 

by GUI buttons, so that even someone with no previous experience could understand easily how the 

joint is operated. Prosthetic hand was meant to be used as a reference end-effector.  

Expected performance was that the wrist joint could sustain a small load (~150 grams) and move at 

reasonable speed (~7 - 9 rpm). These numbers seemed to be safe to aim for in the beginning, when 

we had not yet done much research on the matter. To be able to prove that the wrist joint would have 

e.g. the ranges of motion as it was supposed to and to measure speeds and angles, an evaluation 

protocol was composed, and test setup planned. 

3. Project plan 
The project plan was made when the COVID-19 situation was different, so it has some things that 

turned out to be impossible later. For example, we planned to use workshops and university facilities 

to build the prototype, but we could not. In addition, we were not able to receive some of the ordered 

hardware components in the desired time. Fortunately, some of our group members had almost every 

needed resource available, so we managed to build a prototype as planned. 

The following tables and text contain the main points of our project plan. Table 1 has initial planned 

phases of the projects, milestones and document deadlines. 
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Table 1. The initial planned phases and milestones of the project. 

M1 Project plan DL 6.2 

M2 Order parts and electronics Week 6 

M3 CAD of first prototype Week 8 

M4 DC motor control with Arduino Week 8 

M5 Business aspects seminar slides DL 6.3 

M6 Business aspects document DL 13.3 

M7 First prototype of mechanics Week 14 

M8 First prototype of electronics Week 14 

M9 First prototype of software Week 14 

M10 Tests and validations Week 15 

M11 Design revised/fine-tuned prototype Week 16 

M12 Completion of improved system Week 19 

M13 Final delivery, finishing touches Week 20 

M14 Final report DL 29.5 

 

These are the work packages of the project plan, tasks they had and allocated times: 

WP1: Getting familiar with the project and scope of it (2-3 h) 

 Task 1: Agree on communication methods  

 Task 2: Create schedule and meeting scheme  

 Task 3: Preliminary task division 

WP2: Research existing solutions and limitation of those solutions (15-20 h) 

 Task 1: Look up current industry standard and research  

 Task 2: Research alternative solution from other industries  

 Task 3: Make preliminary sketches and discuss the feasibility of different solution 

 pros and cons 
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WP3: Start working on design (up to 50 h) 

 Task 1: Define electronics, mechanical and programming solutions that will be used in 

 the project (20-25 h) 

 Task 2: Get supplies (create a shopping list, order needed components, get access to 

 laboratories) (6-8 h) 

 Task 3: Create mechanical design in CAD software (4-6 h) 

 Task 4: Integrate electromechanical devices in the mechanical design CAD (15 h) 

 Task 5: Electronics  

 Task 6: Programming  

WP4: Prototyping (up to 50 h) 

 Task 1: Create physical model of mechanism (8-16 h) 

 Task 2: Validate the model is working as expected (up to 8 h) 

 Task 3: Assemble prototype with electronics (4-6 h) 

 Task 4: Integrated electronic control (2-4 h) 

  Task 4.1 Testing of functionality  

WP5: Fine-tuning design (8 h) 

 Task 1: Fixing and tuning prototype  

WP6: Closing project (20 h) 

 Task 1: Finalizing documentation (8 h) 

 Task 2: Presentation (8 h) 

 Task 3: Submitting documentation and reports (2 h) 

Table 2 contains schedule of the work packages explained above. 

Table 2. Detailed schedule of the work packages. 

Detailed schedule of project plan 

Week 1 WP 1        

Week 

2-5 

 
WP 2 

    

Week 

6-9 

  
WP 3 

   

Week 

9-11 

  
 

Business 

plan 

    

Week 

11-19 

    
WP 4 
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Week 

19-20 

      
WP 5 

Week 

21 

       WP6 

Week numbering is the target schedule. However, it can be seen from the Gantt chart that a lot of 

overlapping is expected, especially during development and prototyping stages, where many tasks 

will run in parallel development (such as motor control programming and mechanical design). 

 

Table 3 has risk analysis of the project. Risks have been identified and failure modes analyzed. 

Each risk has been given severity, occurrence and detection ratings. The ratings for each risk are 

multiplied together to form a risk priority number. Risks with highest risk priority numbers are the 

ones that should be monitored the closest during the project. 

 

Table 3. Risk analysis. 

System/ 
Function 

Failure Mode Failure Mode 
Effects 

Severity Potential 
Causes of the 
Failure Mode 

Current 
Preventative 

Actions 

Occurrence Current 
Detection 
Activities 

Detection Priority 

Control 
electronics 

Loss of 
actuation 

control 
-Loss of function 9 -Overloading 

of electronics 

-Design 
optimizations 

 
-Over specification 

4 -Perceived loss 
of function 6 216 

Control 
mechanics 

Motor or 
gearbox 
failure 

-Loss of function 9 
-Mechanical 

overload 

-Over specification 

-Maximum load 
specification 

5 
-Perceived loss 
of function 6 270 

Joints Mechanical 
failure 

-Loss of function 9 
-Mechanical 

overload 

-Design 
optimization 

-Maximum load 
specification 

5 
-Perceived loss 

of function 6 270 

Battery Electrical/mec
hanical failure 

-Loss of function 

-Combustion 10 

-Charger 
failure 

-Mechanical 
damage 

-Electric 
overload 

-Protective circuitry 

-Robust battery 
compartment 

3 

-Battery status 
indicator LED 

-Perceived loss 
of function 

4 120 

Human 
resources 

Member exits 
project 

-Reduced 
effectiveness 10 

-Disagreements 

-Personal 
reasons 

-Team based work 
distribution allows 

for non-total loss of 
function 

1 
-Member 
notification 6 60 

Budget Budget runs 
out 

 
 -Compromise in 

design quality 

-Unfinished 
prototype 

9 

-Design direction 
change 

-Equipment 
breaking 

-Design approval by 
multiple developers 

-Proper handling of 
equipment 

6 
-Bookkeeping 

practises 3 162 

Timetable Missed 
deadline -Failure to deliver 9 

-Poor time 
management 

 
-Unforeseen 

personal 
reasons 

-Enforcement of 
deadlines by team 

members 
7 -Notification by 

instructor 3 189 
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4. Electrical system 

4.1. Hardware and motor sizing 

4.1.1. Microcontroller board 

 

For this project we used the Pro Micro - 5V/16MHz microcontroller board by Sparkfun as a 

replacement for the Arduino nano board which was in the initial plan and did not arrive in time due 

to the COVID-19 circumstances (Sparkfun). Fortunately, Pro Micro board, which can be seen in 

figure 1, is compatible with the Arduino IDE and the Arduino C++ syntax and has the following 

characteristics: 

• ATmega32U4 running at 5V/16MHz 

• Supported under Arduino IDE v1.0.1+ 

• On-Board micro-USB connector for programming 

• 9x 10-bit ADC pins 

• 12x Digital I/Os (5 are PWM capable) 

• Rx and Tx Hardware Serial Connections 

• 33 mm x 18 mm   

 

Figure 1.  Micro Pro microcontroller board compared to quarter dollar coin (Sparkfun). 

4.1.2. Motor sizing 

Motor sizing is a process of choosing the best motor for a given application (Design News, 2009). 

There are many sizing factors that influence the selection of the best motor, such as motion profile, 

system’s inertia, speed, acceleration, torque and regeneration capacity (Design News, 2009; Oriental 

Motor, ca. 2018). These factors should be balanced against the power requirements, cost, physical 

size limitations, resolution requirements and environment. While all the mentioned sizing and 

balanced factors are important, the four key sizing factors, however, should include the: 

 Moment of inertia ratio is the ratio of the moment of inertia due to the load divided by the 

moment of inertia due to the motor. Moment of inertia due to the motor is a manufacturing 

property which is fixed. Whereas moment of inertia due to the load includes all the rotating 

elements connected to the motor and thus can be a sum of multiple moments of inertia. 

Although in theory an inertia ratio of 1:1 would be optimal, a ratio of 5:1-10:1 is typically 

used in many applications mainly because other factors such as energy saving potential and 

less tuning requirement are also considered simultaneously (Eitel, 2015; Parker, 2017; 

Skidmore, 2018). There are also many high performance applications in which the ratio is 
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much higher reaching up to 25:1 or even 30:1. These applications are usually equipped with 

a feedback control loop to constantly tune the system to counter the overshooting in the target 

speed or position and reduce the settling time (Skidmore, 2018). On the other hand, ratios 

smaller than 1:1 can indicate that the motor installed is oversized and hence more expensive 

and bulkier (Design News, 2009). 

There are several commercial and free motor sizing software products such as SigmaSelect 

by Yaskawa, MotorSizer which is a web-based software by MotorSizer.com, Control Motor 

Sizing software by Oriental Motor and IndraSize Software by Bosch Rexroth. Not only can 

these software products size the motors according to the application but also predict the inertia 

ratio efficiently. Nevertheless, for the demonstration sake let us have a quick estimation of the 

inertias in our specific case. 

The inertia of the ‘HS-77BB Servo’ motor we used was estimated to be around 0.051 kg·m2 

via a rough calculation because there was no information about it in the specification 

catalogue. If we assume the flexion/extension unit of our system to be around 30% of the 

entire weight (~197 g), then it would roughly weigh around 60 g. It should be noted that the 

flexion/extension unit inertia calculation would fall under the category of parallel axis 

theorem. In this case the load inertia would consist of two inertia moments: inertia about the 

center of the flexion/extension unit and inertia about the motor axes. Although the shape of 

the flexion/extension unit will require further detailed analysis to get accurate results, we 

decided to carry on with a simpler estimation. After a rough calculation using the parallel axis 

theorem, we estimated the inertia due to the upper joint to be around 3.90×10-4 kg·m2. 

The inertia ratio first with no load attached is: 

 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑟𝑎𝑡𝑖𝑜 =
𝑙𝑜𝑎𝑑 𝑖𝑛𝑒𝑟𝑡𝑖𝑎

𝑚𝑜𝑡𝑜𝑟 𝑖𝑛𝑒𝑟𝑡𝑖𝑎
=

3.90×10−4

5.1×10−2    (1) 

the mass which the wrist can carry can be evaluated from here as follows: 

 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑟𝑎𝑡𝑖𝑜 =
∑ 𝑙𝑜𝑎𝑑𝑠 𝑖𝑛𝑒𝑟𝑡𝑖𝑎

𝑚𝑜𝑡𝑜𝑟 𝑖𝑛𝑒𝑟𝑡𝑖𝑎
⇒ 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑟𝑎𝑡𝑖𝑜 =  

3.90×10−4+𝐼𝑒𝑥𝑡𝑟𝑎−𝑚𝑎𝑠𝑠

5.1×10−2   (2) 

 also considering the extra mass inertia (𝐼𝑒𝑥𝑡𝑟𝑎−𝑚𝑎𝑠𝑠 ) =  ∫ 𝑟2𝑑𝑚 ≈ 𝑚 𝑟2 (3) 

 where, 

- m is the total mass of the extra body 

- r is the radius of rotation, measured from the extra body center to the rotation 

axis of the motor. 

The first thing to determine is what should be the inertia ratio we want to adhere to (for 

precision < 2:1) and how far should the mass be located from the axis of rotation. 

 
2

1
=

3.90×10−4+𝐼𝑒𝑥𝑡𝑟𝑎−𝑚𝑎𝑠𝑠

5.1×10−2  ⇒ 0.10161 = 𝑚 𝑟2   (4) 

From equation 4, we can determine how much weight the upper joint can carry and how far 

can the center of gravity be from the servo motor axis of rotation. 
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During the design process, all operational aspects and scenarios should be considered. For 

example, the rotation unit carries weights of the flexion/extension unit which should be able 

to carry the prosthetic hand and the extra weight it can carry. Keeping all these criteria in mind 

we can now carry a small pilot estimation of the inertia ratio of the load (due to all units) and 

the motor as shown below: 

The weight of the entire wrist units is around 197 g and the weight of each of the geared 

motors is 18 g. Therefore, the weight of the flexion/extension and rotation units alone is 

around 161 g. The rated torque of the geared motor at 6 V is given as 1.4 kg·cm (0.13734 

N·m) in the specifications. However, since our system operates at 5 V, we estimate the rated 

torque to be around 1.3 kg·cm (0.1275 N·m). Applying these values in a rough estimation we 

found out the moment of inertia due to the motor to be 3.77 ×10-3 kg·m2 (7.54×10-3 kg·m2 for 

two motors). If we assume the entire unit to be in a vertical pose as shown in figure 2, then 

for simplicity we can assume the entire unit to be a long solid vertical cylinder. The resulting 

approximated load inertia (due to the units alone) is around 5.03125×10-5 kg·m2.  

 

Figure 2. Wrist unit in vertical pose. 

The inertia ratio first with no load attached is: 

 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑟𝑎𝑡𝑖𝑜 =
𝑙𝑜𝑎𝑑 𝑖𝑛𝑒𝑟𝑡𝑖𝑎

𝑚𝑜𝑡𝑜𝑟 𝑖𝑛𝑒𝑟𝑡𝑖𝑎
=

0.5×10−4

0.754×10−2   (5)  

 

the mass which the wrist can carry can be evaluated from here as follows: 

 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑟𝑎𝑡𝑖𝑜 =
𝑎𝑙𝑙 𝑙𝑜𝑎𝑑𝑠 𝑖𝑛𝑒𝑟𝑡𝑖𝑎

𝑚𝑜𝑡𝑜𝑟 𝑖𝑛𝑒𝑟𝑡𝑖𝑎
    

or 

 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑟𝑎𝑡𝑖𝑜 =
∑ 𝑙𝑜𝑎𝑑𝑠 𝑖𝑛𝑒𝑟𝑡𝑖𝑎

𝑚𝑜𝑡𝑜𝑟 𝑖𝑛𝑒𝑟𝑡𝑖𝑎
⇒ 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑟𝑎𝑡𝑖𝑜 =  

0.5×10−4+𝐼𝑒𝑥𝑡𝑟𝑎−𝑚𝑎𝑠𝑠

0.754×10−2
  (6) 

     where the extra mass ratio (Iextra-mass) = mass × squared radius of rotation 

 or, Iextra-mass = 𝑚 𝑟2     (7) 

If the inertia ratio we want to adhere to is 2:1 then  

 
2

1
=

0.5×10−4+𝐼𝑒𝑥𝑡𝑟𝑎−𝑚𝑎𝑠𝑠

0.754×10−2  ⇒ 0.01513 = 𝑚 𝑟2    (8) 
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Again, here different radii can allow for different weights to be carried (up to 20+ kg if the 

radius was 25 mm and the wrist units were solid cylinders). However, this is just one pose 

scenario, we don’t reckon that the structure can carry more than 1 kg and behave precisely if 

the pose in figure 3 was analysed. 

 

Figure 3. The pose of the wrist unit with maximum moment. 

Therefore, according to this pilot estimation we assume that the ‘HS-77BB Servo’ motor and 

the ‘Micro Metal Gearmotor’ we have selected, have the capabilities of moving more than 

800 g and more than 1 kg respectively. However, we should also consider the materials of the 

structure on which the motors are mounted and the response time before passing verdicts. In 

the results chapter we will demonstrate how the wrist units and the whole structure behave 

under loads larger than 150 g and then estimate the safe load it can carry.  

 Maximum speed and maximum torque factors can be determined via the speed-torque 

curves provided by the manufacturer. To understand the speed-torque relationship of a servo 

motor and a DC motor we can consider the curves demonstrated in figure 4. The first thing to 

realize is that there are two regions, namely, the continuous and the limited (intermittent). The 

continuous region is where the motor can work continuously without overheating, whereas 

the speeds and torques in the intermittent region can be produced for just a small time 

(typically few seconds). When operating, the motor is required to deliver a large torque twice. 

Once in the beginning to overcome the load inertia and the static mechanical friction, and 

once in the end in the form of reverse torque to stop the system as shown in the torque speed 

profile in figure 5 (Pelletier, 2009). When selecting a motor, we should aim for a motor that 

can fulfil the speed and the torque requirements within the continuous region. However, a 

motor is said to be oversized in case the maximum torques required at the beginning and the 

end of the operation lay in the continuous region. (Drury & Hughes, 2019) 
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Figure 4. Servo motor (left) and DC motor (right) speed-torque curves (Oriental Motor; Eega 
et al). 

 

Figure 5. Speed-Torque profile (Pelletier, 2009). 

 Maximum root mean square (RMS) torque  

RMS torque is another important factor in sizing the motor thermal overload. Over the course 

of the motor operation, the torque tends to fluctuate (rising, dropping, or dwelling) through 

small time intervals. If the time intervals of the torque during acceleration or deceleration was 

relatively big and the torque applied had to be above the rated torque, then the motor can heat 

up implying that the motor is undersized (Tang, 2020). The RMS torque of a properly sized 

motor must fall within the continuous region throughout the motor operation. (Collins, 2015) 

4.1.3. Motors used in this project 

Our aim was to build a lightweight multi-articulated wrist, therefore, we needed to consider the 

weight, size and space limitations when selecting space limitations. This was in particular important 

when selecting motors which needed to be lightweight, compact and appropriately powerful. With 

this in mind, we selected an analog low-profile servo motor (HS-77BB Servo) to control the 

flexion/extension unit and two micro sized DC gear motors (Micro Metal Gearmotor) to control the 

rotation unit as shown in figure 6 (ServoCity, 2020; RobotShop, 2020). 
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Figure 6. Low profile servo and DC geared motors used in the project (ServoCity, 2020; 
RobotShop, 2020). 

According to the specification sheets, the servo motor provides good torque for its size as shown in 

figure 7. Furthermore, the servo was modified by the supplier to have 180 degrees of movement 

instead of the standard 110 degrees of typical hobby servos. (ServoCity, 2020) 

Whereas, the specification sheets of the geared DC motors indicate that each motor has a rated speed 

of 42 rpm as shown in figure 7. Furthermore, each motor is equipped with a built in 210:1 gear 

reduction to generate an adequate torque to size ratio (RobotShop, 2020). Additionally, the DC motors 

are equipped with hall sensors, which could be used for feedback control. We opted for two motors 

to increase torque capabilities as a single motor with similar combined specification was not available. 

Opting for a single motor with the same maximum torque and speed capabilities would have increased 

the size of the joint considerably. 

 

 

Figure 7. Speed- Torque curves of chosen servo motor (left) and geared motor (right) 
(Oriental Motor; Eega et al.) 

4.1.4. Other complementary components 

The list below comprise the complementary components used in the project: 

• DRV8838 Single Brushed DC Motor Driver by Pololu robotics electronics (RobotShop b, 

2020). The driver is small in size as shown in figure 8, and has the following features: 

• Tiny breakout board for DRV8838 motor driver 

•  Continuous output current per channel: 1.7A 

• Pulse Width Modulation (PWM) frequency (maximum): 250 kHz 

• Operating voltage: 0 – 11 V 
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Figure 8. DC driver size compared to quarter dollar coin (RobotShop b, 2020). 

• Two linear potentiometers, of type (A) carbon potentiometer mono as shown in figure 9, 

which were chosen as a late replacement for the joystick which was in the original plan. Each 

potentiometer was assigned to rotate a different joint. The main reason behind choosing these 

potentiometers was that their resistance of 10 kohm ± 20 % (linear) reduced the floating values 

which is associated with larger resistance potentiometers (~ 100 kohms). Additionally, they 

can turn about 300 ° ± 5 ° each and were placed outside on the base and thus did not occupy 

space in the actual wrist (Partco P).  

 

Figure 9. Linear potentiometer. (Partco P) 

• An optical fork type limit switch (TCST1000) and mount (TCST2000) as shown in figure 10 

were used to help in resetting the position of the geared DC motors (Partco L; Partco M). 

Limit switches require current limiting resistors to reduce the amount of current entering 

switch and pull-up or pull-down resistors to pull up or pull down a floating pin in the Pro 

Micro board and limit the noise resulting from EMI radiation (Cook, 2015). 

 

Figure 10. Optical limit switch and its mount. (Partco L; Partco M) 
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4.2. Control software 

The control software architecture we developed comprises two layers, namely upper level and lower 

level as illustrated in figure 11. The upper layer which includes the graphical user interface (GUI) 

which was created using visual C#. Whereas the lower layer which includes the main code which is 

an Arduino based C++ syntax written in the Arduino IDE. The GUI and Arduino IDE are connected 

using serial communication at a baud rate of 115200 bits/second. 

 

Figure 11. Control software architecture with communications and signals flow. 

In the GUI, the user can choose to operate the wrist either manually by choosing the manual option 

or digitally by choosing the digital option. In the manual mode the user can operate the wrist using 

the two potentiometers discussed in the hardware section above. Whereas in the digital mode the user 

can operate the wrist by entering the desired angles and speeds and selecting the motion in the GUI 

(control panel window) as shown in figure 12. 

 

Figure 12. GUI control panel. 

The commands are sent from the GUI to the Arduino code in a form of strings (alphabets or alphabets 

with numbers). The strings sent are translated in the main code such that they trigger an action or a 
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set of actions. Unfortunately, due to the COVID-19 situation and the delay associated with it, the GUI 

functionality is yet to be tested on the built physical system, although it was quite functional when 

tested on a smaller scale (Adafruit metro microcontroller and a couple of cheap servos). We believe 

that the GUI will function perfectly due to the simplicity of integrating it into the main code, mainly 

because it only sends readable alphabets to the microcontroller. 

4.3. Principle of operation 
The lightweight multi-articulated wrist architecture can be seen in figure 13. The commands are sent 

from the microcontroller in the form of either digital output (DO) signals or pulse width modulation 

(PWM). As seen in the architecture, the microcontroller receives the commands from the computer 

via a Universal Serial Bus (USB). If the command was to move the geared motor, the microcontroller 

then sends the processed commands in the form of DO signals which have information about the set 

speeds and directions to the driver that controls the geared DC motors. The feedback loop from the 

geared motors is executed with integrated hall effect sensors that send a pulse train at specific rate 

spending on the motor speed. Total number of pulses is calculated by an interrupt routine on the 

microcontroller, the microcontroller keeps track of the total number of pulses received, the incoming 

pulses are either added or subtracted from total sum of pulses which represents the angular position 

known to the microcontroller. The driver then decides how much power should the motor get 

according to the signals received from the microcontroller and the rotation unit spins accordingly. 

The DC 5V power supplies the driver with power. Similarly, the commands sent from the 

microcontroller to the servo motor in the form of PWM signal has information about desired angles, 

where the pulse width of the PWM signal is proportional to the desired setpoint, servo speed is 

controlled in the low level software by changing how fast the pulse width can change. Finally, the 

potentiometers act as synthetic signal producers that send analog signals to the microcontroller to 

control the motors, where the potentiometer angle is proportional to the setpoint angle of each axis, 

each potentiometer controls one axis. 

 

 Figure 13. Hardware architecture of the lightweight wrist system. 
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5. Mechanical system 
The mechanics were designed to serve as a test platform that would host all necessary hardware, 

electronics and control units. The complete test platform consists of a base and three subassemblies 

which are mounted on top of the base. The three subassemblies are electronics, control unit and wrist 

joint and they can be seen in figure 14.  

Figure 14. Three subassemblies (electronics, control unit and wrist joint) on top of the base. 

In the test platform creation, the idea of modularity was used, allowing possible redesigning of only 

one part of the system without affecting other parts. This approach also helped us minimize the impact 

of the global pandemic situation by allowing us to work on each part separately and in parallel. The 

final assembly could be done at the end. As mentioned above, this approach allows us to rebuild one 

part without impacting development of other parts. 

In the project, we used additive and subtractive manufacturing methods. Custom parts were 3D 

printed, and other off-the-shelf parts were modified using material removal methods. By utilizing 

both manufacturing methods we were able to create a lightweight and small size wrist joint assembly.  

The electronics assembly (shown in figure 15) consists of PCB standoffs, a PCB peg board, a 

microcontroller module (Pro Micro) and motor drivers. 
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Figure 15. Electronics assembly. 

The manual control unit (figure 16) consists of a 3D printed housing that hosts two potentiometers 

that are used to control the wrist mechanism manually when synthetic signals are not available. 

 

Figure 16. Manual control unit. 

The wrist joint assembly (figure 17) was the most complex part of the mechanics design and the main 

part of the project. It consists of the base mount, gears (sun gear and pinion gears), thrust ball bearing 

that allows nearly 360 degree rotation with two small DC motors, servo motor that is used to control 

wrist flexion/extension, wrist mounting plates bracket and industry standard prosthetic hand 

mounting plate. In addition, the assembly consists of additional brackets, spacers and other 

miscellaneous parts. 
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Figure 17. Wrist joint assembly. 

The off-the-shelf parts used in the wrist assembly are made out of aluminium that are used in model 

aircrafts, making assembly lightweight and robust. The other parts are 3D printed to allow ease of 

customization, rapid design and creation of new parts for testing. In addition, it limited our reliance 

on ordering new parts from shops when distribution and logistics has been limited during the global 

pandemic crisis. 

The 3D printed parts needed to be designed lightweight but strong at the same time. Additive 

manufacturing methods made this possible. By leaving empty space or creating straightening patterns 

such as hexagons (example is shown in figure 18) for areas where extra strength is required, less 

material is necessary.  

 

Figure 18. Example of hexagon pattern. 
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The basis of the mechanical design was the motors we chose. We wanted to fit the most compact, 

powerful and lightweight motors we could. Initially we considered designing our own gear reduction 

systems, but decided that it would be too time consuming especially when there is a relatively good 

selection of already proven servos and motors available. In order to choose suitable motors, we 

needed to evaluate multiple criteria, such as weight, size, maximum torque and power requirements. 

The choice of motors is discussed in section 4. The complete CAD model with the assembled physical 

unit is shown in figure 19. 

 

Figure 19. Complete CAD model and picture of the physical unit. The example hand in the 
CAD model is not included in the physical unit. 
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6. Testing and results 
This section covers the methods how the wrist was tested and the results of said tests. 

6.1. Test setup 
The wrist was tested utilizing a test setup where the rotation of the axes was monitored with 

mechanically coupled potentiometers. The potentiometers were attached to each axis with removable 

support pieces. For the rotational axis the potentiometer is coupled to the main drive gear with an 

additional gear that is dimensioned so that for every full rotation of the main drive gear the 

measurement gear rotates half a turn. This was necessary as the measurement potentiometers offer 

270° of motion which is not enough to measure the full rotation of the rotational axis. For the flexion 

axis no reduction was needed and the potentiometer was directly coupled. Measurement setup is 

shown in figure 20. Voltage signals from the potentiometers were read with the onboard analog to 

digital converter (ADC) of the microcontroller. The microcontroller reads the analog data for each 

axis when either of the axes is in motion and outputs the raw data values along with the internal 

setpoints of the axes. Some hysteresis and non-linearity are to be expected from the potentiometers 

and their mechanical couplings and it affects the measurement results. Typically, the measurement 

potentiometers would be calibrated so that a compensation curve could be created, however due to 

the COVID-19 situation university resources were not available for the team and this was not done. 

 

 

Figure 20. Picture of the measurement setup. 

6.2. Data acquisition 
Then data is acquired via a terminal software as a stream of comma separated point data, as such the 

data does not differentiate if the system is still in motion during or if the device is in steady state. 

For performing the angular comparisons between setpoint against measured angle on test cases 

where multiple joint angle movements are performed consecutively the steady state of the joint 

before next move must be recognized. In the following test cases the final measured angle reading 

is taken as last the reported angle before a new angle setpoint is set. Figure 21 illustrates this and the 

final state before the next angle move is underlined in red. 
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Figure 21. Data point above the red line marks the last instance of angle 29° on the flexion 
axis making the angle of 34.6° the last reading before a change in the F setpoint. 

6.3. Data scaling 
The microcontroller’s onboard ADC has a resolution of 10-bits which means that on the range of 0 

to 5 V the voltage values are read as from 0 to 1023 integer values. Full scale of the ADC is used. 

Before every test run the microcontroller reports the measured analog values from both verification 

potentiometers at the minimum and maximum of each axis. Knowing the range of motion on both 

axes and the corresponding minimum and maximum values from the verification potentiometers it is 

possible to calculate the measured data points into angle values. The calculation is done with the 

following formula (9).  

Variables in the equation are as follows:  

AxisROM -    Range of motion for specific axis, 180° for flexion and 350° for rotation. 

Data -    Measured potentiometer value at specific point. 

Minvalue  -    Value of potentiometer at minimum point of motion, -90° for flexion and -175° for 

       rotation. 

Maxvalue -    Value of potentiometer at maximum point of motion, 90° for flexion and 175° for 

       rotation. 

 

 𝐴𝑛𝑔𝑙𝑒 = 𝐴𝑥𝑖𝑠𝑅𝑂𝑀
𝐷𝑎𝑡𝑎−𝑀𝑖𝑛𝑣𝑎𝑙𝑢𝑒

𝑀𝑎𝑥𝑣𝑎𝑙𝑢𝑒−𝑀𝑖𝑛𝑣𝑎𝑙𝑢𝑒
−

𝐴𝑥𝑖𝑠𝑅𝑂𝑀

2
   (9) 

 

6.4. Uncertainty 
It could be assumed that the measurement system has an uncertainty of at least 2.5°, which is 

approximated from observations made during testing. Sources of uncertainty include: 

• Inaccuracy of ADC, at least two samples worth should be accounted for, 1°. 

• Mechanical slop on potentiometer coupling interfaces, 0.75°. 

• Potentiometer wiper hysteresis, 0.75°. 

• Potentiometer non-linearity, assume to be 2° 

Uncertainty of a system with uncertainty factor K=1 is calculated by taking the square root of the 

sums of the squares of the uncertainty components, formula 10.  

 

 𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 =  √12 + 0.752 + 0.752 + 22 ≈ 2.5°    (10) 
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6.5. Test A 
During this test the flexion/extension axis is moved throughout its full range of motion in increments 

as described by table 4, the speed of movement is increased with each cycle until maximum limits 

are reached after which the motion is performed in reverse order with increasing speeds. Figure 22 

shows the graphs the axis setpoint and measured angle setpoint on top and their difference on bottom. 

The test was carried in one consecutive motion with 2 second execution delays in between setting the 

setpoint. 

 

Table 4.  

Desired 

Servo angles 

Input 

Speeds 

Range Reached/ 

Not Reached 

Desired 

servo angles 

Input 

Speeds 

Range Reached/ 

Not Reached 

10 10% Yes -90 10% Yes 

-10  Yes 90  Yes 

20 25% Yes -80 25% Yes 

-20 Yes  80 Yes  

30 35% Yes -70 35% Yes 

-30  Yes 70  Yes 

40 45% Yes -60 45% Yes 

-40 Yes  60 Yes  

50 55% Yes -50 55% Yes 

-50  Yes 50  Yes 

60 65% Yes -40 65% Yes 

-60 Yes  40 Yes  

70 75% Yes -30 75% Yes 
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-70  Yes 30  Yes 

80 85% Yes -20 85% Yes 

-80 Yes  20 Yes  

90 100% Yes -10 100% Yes 

-90 Yes  10 Yes  

 

Figure 22. Setpoint and measured angle for flexion axis and the difference plotted. 

The maximum difference between the setpoint and measured angle increases when the speed is 

increased, additionally the maximum difference is larger when a wider angle is traversed. This is 

expected as the flexion axis is implemented with a servo motor that doesn’t offer feedback into the 

control system. 

6.6. Test B 
During this test the pronation/supination axis is moved throughout its full range of motion in 

increments as described by table 5, the speed of movement is increased with each cycle until 

maximum limits are reached after which the motion is performed in reverse order with increasing 

speeds. Figure 23 shows the graphs the axis setpoint and measured angle setpoint on top and their 

difference on bottom. The test was carried in one consecutive motion with 5 second execution 

delays in between setting the setpoint. 
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Table 5. 

Desired 

Motor 

Angles 

Input 

Speeds 

Range Reached/ 

Not Reached 

Desired 

Motor 

Angles 

Input 

Speeds 

Range Reached/ 

Not Reached 

30 10% Yes -175 10% Yes 

-30 Yes 175 Yes 

60 25% Yes -150 25% Yes 

-60 Yes 150 Yes 

90 45% Yes -120 45% Yes 

-90 Yes 120 Yes 

120 65% Yes -90 65% Yes 

-120 Yes 90 Yes 

150 85% Yes -60 85% Yes 

-150 Yes 60 Yes 

175 100% Yes -30 100% Yes 

-175 Yes 30 Yes 
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Figure 23. Setpoint and measured angle for rotation axis and the difference plotted. 

Unlike on the flexion axis there seems to be no obvious correlation with the magnitude of error to 

speed or the traversed angle span. This is expected as the rotational axis is implemented with a closed 

loop feedback. It can be noted that the error magnitude seems to follow a specific waveform that 

compresses and stretches as speed is increased and decreased. This is likely caused by the non-

linearity of the measurement potentiometers, however as discussed earlier there are no resources to 

calibrate the potentiometers to confirm this. 

6.7. Test C 
During the test each joint is moved to both of its directions’ maximums. 100% speed was used for 

both axes. Motion sequence was executed 10 times. Table 6 shows the test results as the setpoint 

and steady state angle. Difference between the setpoint and observed angle is subtracted and a 

percentual error is calculated by dividing the difference in angle with full range of motion span 

corresponding to axis, 180° for flexion/extension and 350° for pronation/supination. 

 

Table 6. 

Motion Set Angles Output / measured 

angle 

Difference in angles Error % 

Flexion 90 88.8 1.2 0.67 

Extension 90 89.5 0.5 0.28 

Pronation 175 173.5 1.5 0.43 
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Supination 175 171.5 3.5 1.0 

 

6.8. Test D 
Same as test C, executed with 25% speed, and maximum range. 

 
Table 7. 

Motion Set Angles Output / measured 

angle 

Difference in angles Error % 

Flexion 90 87.8  2.2 1.2 

Extension 90 88.8 0.2   0.67 

Pronation 175  173.5  1.5  0.43 

Supination 175  174.5 0.5   0.14 

 

6.9. Test E 
Same as test C, executed with 25% speed, and maximum range. 

 

Table 8. 

Motion Set Angles Output / measured 

angle 

Difference in angles Error % 

Flexion 90  89.3 0.7   0.39 

Extension 90  88.5  1.5  0.83 

Pronation 175  173.5  1.5  0.43 

Supination 175  171.5  3.5  1 
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6.10. Test F 
Maximum speed, and 25% of range of motion. 

 

Table 9.  

Motion Set Angles Output / measured 

angle 

Difference in angles Error % 

Flexion 23 26.4 -3.4  1.89  

Extension 23  22  1  0.56 

Pronation 44  45.7  -1.7  0.49 

Supination 44  43.2  0.8  0.23 

6.11. Test G 
Maximum speed, and 50% of range of motion. 

Table 10.  

Motion Set Angles Output / measured 

angle 

Difference in angles Error % 

Flexion 45 40.6  4.4   2.44 

Extension 45  49.3  -4.3  2.39 

Pronation 87.50  82.6  4.9  1.4 

Supination 87.50  85.5  2  0.57 

6.12. Test H 
On the following tests the wrist is loaded with varying loads to determine how the magnitude of the 

load effects performance. Both axes perform a sweeping motion simultaneously as shown in figure 

24. Tables 11 to 22 show the acquired data at each specific load and angle combination. All of the 

load tests are performed with the same sequence of setpoints. Error percentage is calculated as in 

test C. 
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6.12.1. Unloaded 

Table 11.   Flexion motion with angles 0 to 90. 

Desired Angle Output Angle 
Difference in angles Error % 

10  11.8 -1.8 1  

20  22.9  -2.9  1.61 

30  33.9  -3.9  2.17 

40  44.5  -4.5  2.5 

50  54.3  -4.3  2.39 

60  63.4 - 3.4  1.89 

70  72.0 - 2.0  1.11 

80  80.7 - 0.7  0.39 

90  90 0   0 

 

Table 12. Extension with angles 0 to 90. 

Desired Angle Output Angle 
Difference in angles Error % 

10  10.1  -0.1 0.06  

20  21.6  -1.6  0.89 

30  32.0  -2.0  1.11 

40  41.8  -1.8  1 
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50  51.9  -1.9  1.06 

60  62.5  -2.5  1.39 

70  72.3  -2.3  1.28 

80  81.6  -1.6  0.89 

90  90  0  0 

Table 13.  Pronation with angles 0 to 175. 

Desired Angle Output Angle 
Difference in angles Error % 

20  13.7 6.3   1.80 

40 33.9  6.1  1.74 

60  55.1  4.9  1.4 

80  75.9  4.1  1.17 

100  97.1  2.9  0.83 

120  118.4  1.6  0.46 

140  139.6  0.4  0.11 

160  158.8  1.2  0.34 

175 175  0  0 
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Table 14. Supination with angles 0 to 175. 

Desired Angle Output Angle 
Difference in angles Error % 

20  21.2 -1.2   0.67 

40  42.0  -2  1.11 

60  61.7  -1.7  0.94 

80  78.9  1.1  0.61 

100  99.1  0.9  0.50 

120  117.8  2.2  1.22 

140  139.6  0.4  0.22 

160  159.8  0.2  0.11 

175  174.5  0.5  0.28 

 

 

Figure 24. Setpoint and measured angle and their difference is plotted for both axes, in this 
test case the motion of both axes is simultaneous. 
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6.12.2. Loaded with 150 g 

Table 15.  Flexion motion with angles 0 to 90. 

Desired Angle Output Angle 
Difference in angles Error % 

10   10.5 -0.5  0.28 

20  22.0  -2.0 1.11 

30  32.9  -2.9 1.61 

40 43.5   -3.5 1.94 

50 52.9   -2.9 1.61 

60  61.8  -1.8 1 

70 71.2   -1.2 0.67 

80 80.1   -0.1 0.06 

90  89.2  0.8 0.44 

 

Table 16. Extension motion with angles 0 to 90. 

Desired Angle Output Angle 
Difference in angles Error % 

10  10.5 -0.5   0.28 

20  22.0  -2.0  1.11 

30  32.4  -2.4  1.33 

40 42   -2.0  1.11 
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50  52.4  -2.4  1.33 

60 62.8   -2.8  1.55 

70  71.9  -1.9  1.06 

80  81.6  -1.6  0.89 

90 90.0   0  0 

Table 17.  Pronation with angles 0 to 175. 

Desired Angle Output Angle 
Difference in angles Error % 

20  13.7  6.3 1.8 

40  34.9  5.1  1.46 

60 54.6   5.4  1.54 

80  75.9  4.1  1.17 

100  97.6  2.4  0.69 

120 117.3   2.7  0.77 

140  138.6  1.4  0.4 

160  158.8  1.2  0.34 

175  174.5  0.5  0.14 

 

Table 18. Supination with angles 0 to 175. 

Desired Angle Output Angle 
Difference in angles Error % 
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20  22.2 -2.2   0.63 

40  42.0  -2  0.57 

60 61.7   -1.7  0.49 

80  79.9  0.1  0.03 

100  99.1  0.9  0.26 

120  117.8  2.2  0.63 

140 139.6   0.4  0.11 

160  157.3  2.7  0.77 

175 174.0   1.0  0.285 

6.12.3. Loaded with 300 g 

Table 19.  Flexion motion with angles 0 to 90. 

Desired Angle Output Angle 
Difference in angles Error % 

10  12.0 -2  1.11  

20  23.0  -3  1.67 

30  34.6  -4.6  2.56 

40 44.2   -4.2  2.33 

50  54  -4  2.22 

60  62.9  -2.9  1.61 
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70  73.4  -3.4  1.89 

80 82.6   -2.6  1.44 

90 90.0   0  0 

 

Table 20. Extension with angles 0 to 90. 

Desired Angle Output Angle 
Difference in angles Error % 

10  9.8  0.2 0.11  

20  21.6  -1.6  0.89 

30 31.9   -1.9  1.06 

40  41.8  -1.8  1 

50  53.3  -3.3  1.83 

60 63.1   -3.1  1.72 

70  73.2  -3.2  1.78 

80 82.1   -2.1  1.17 

90 89.8   0.2  0.11 

Table 21.  Pronation with angles 0 to 175. 

Desired Angle Output Angle 
Difference in angles Error % 

20 12.6  7.4  2.11  

40 33.4   6.6  1.89 
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60 55.1   4.9  1.4 

80 76.4   3.6  1.03 

100  97.1  2.9  0.83 

120  117.8  2.2  0.63 

140 139.6   0.4  0.11 

160  159.3  0.7  0.20 

175  173.0  2.0  0.57 

 

Table 22. Supination with angles 0 to 175. 

Desired Angle Output Angle 
Difference in angles Error % 

20  21.7  -1.7 0.49  

40  42.5  -2.5  0.71 

60  61.7  -1.7  0.49 

80  79.4  0.6  0.17 

100  99.6  0.4  0.11 

120 118.4   1.6  0.46 

140  139.6  0.4  0.11 

160  157.8  2.2  0.62 

175  174.5  0.5  0.14 
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6.13. Result interpretation 

6.13.1. Speed dependency 

The wrist's behavior with varying speeds can be judged by analyzing data from test C, D and E where 

both joints are operated on the maximum range with speeds of 100%, 25% and 50% respectively. The 

test data is plotted in four charts as shown on figure 25.  

 

 

Figure 25. Error of motion in degrees and percentage for each movement direction at speeds 
of 25%, 50% and 100%. 

The graphs in figure 25 do not provide a direct correlation of significant performance loss from 

increase in speed when steady state angles are observed. When the error [°] (blue) lines are observed 

it can be seen that the change in absolute error value when increasing the speed is typically at 

maximum 1.5°, with the exception of supination where the error increases from 0.5° to 3.5°. For other 

cases the change in error magnitude in regard to speed is within expected uncertainty levels. This 

evaluation could be performed with different load setups where the difference would likely be more 

noticeable due to the inertia of the system causing over/undershooting. 

6.13.2. Load dependency 

The test H focused on testing how different loads affect the wrist performance. The results of the test 

are plotted into figures 26, 27 and 28. Figure 26 shows the error % and value of error as a function 

of the joint angle for the rotation axis. For all loads the error stays within 3° between different load 

curves at the same angle point, which is also true for the flexion axis as shown on figure 27. This 

allows for the expectation that the wrist could work well with even higher loads. During test H 

maximum angular deviation between setpoint and measured angle was also recorded for both axes, 

figure 28 shows the maximum angular error as a function of load on the left side, on the right side the 

standard deviation of the angle error during a test cycle as a function of load is shown. From figure 

28 it can be seen that for the flexion axis, increasing load causes larger momentary and overall 
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deviation when compared to the rotational axis. The rotational axis suffers hardly any degradation of 

performance when load is increased, with a very slight upward trend on both parameters illustrated. 

 

 

Figure 26. Error of movement for rotation axis during full range of motion, with no load 
(blue), load of 150 g (red) and load of 300 g (yellow). 

 

Figure 27. Error of movement for flexion axis during full range of motion, with no load 
(blue), load of 150 g (red) and load of 300 g (yellow). 

 

Figure 28. Maximum angular error and standard deviation of error for each axis at no load, 
150 g load and 300 g load. 
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7. Reflection of the Project 

7.1. Achieving objectives 

Initially we wanted to make the wrist to have three DOFs, even though the project description was 

asking for two. We discarded the idea of having three DOFs pretty quickly. After the middle of March, 

when university got closed, we discussed with our instructor and changed our plans so that we would 

make a “minimum viable product”. 

We managed to build a prototype wrist joint with two DOFs and completed the expected output. 

However, we could not use the designated prosthetic hand as reference end-effector. Additionally, 

because working on something jointly was not possible to the full capacity (because we could not 

meet physically), it is likely that our own learning goals got affected. At least some opportunities to 

be able to experiment and gain new skills by learning from others were reduced. Zoom/Teams 

meetings worked well in communication, but it would have helped to work on the wrist in the same 

room together. 

The wrist mechanism creation was the most difficult part of the mechanics design and it required 

most of the focus in comparison to other mechanical parts. Modular design approach and planning 

had good benefits such as the possibility to work on many parts separately and waiting for the delivery 

of some parts did not hinder the development of other modules. 

7.2. Timetable 

Schedule defined in the Project plan needed to be changed as is shown in Table 23. After the Business 

aspects document deadline, our first prototypes of mechanics, electronics and software were delayed 

by a couple of weeks mainly because the shipment of the placed orders were delayed. We also decided 

to discard designing and building a revised/fine-tuned prototype (crossed out items in Table 23) and 

only improve and tweak our first prototype. Testing and validating were also delayed, one reason 

being that we could not do it concurrently because only one group member had the prototype at a 

time instead of it being in a lab space that we all could access. Workload of the project was well 

estimated, but writing documents, especially the Business aspects document, took more time than we 

initially thought. There was also a lot of overlap between different work packages of the project plan, 

so it is difficult to tell exactly how well time was allocated. 

 

Table 23. Final schedule of the project. 

M1 Project plan DL 6.2 

M2 Order parts and electronics Week 6 

M3 CAD of first prototype Week 8 

M4 DC motor control with Arduino Week 8 

M5 Business aspects seminar slides DL 6.3 

M6 Business aspects document DL 13.3 
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M7 First prototype of mechanics Week 14 → 16 

M8 First prototype of electronics Week 14 → 16 

M9 First prototype of software Week 14 → 16 

M10 Tests and validations Week 15 → 19 

M11 Design revised/fine-tuned prototype Week 16  

M12 Completion of improved system Week 19 

M13 Final delivery, finishing touches Week 20 → 21 

M14 Final report DL 29.5 

7.3. Risk analysis 

Although we did have some related risks (“Member exits project”) affecting team effectiveness, we 

could not take into account or predict the current COVID-19 situation and how social distancing and 

self-isolation affected project execution. Different people cope with the situation differently, but at 

least some of the group members had a hard time adapting to working only at home, especially in the 

beginning. As some of our group members had tools and equipment needed for the prototype, we 

could continue even with no access to university facilities.  

We used a bit more budget than we initially planned. However, because we had aimed to spend a 

maximum 500 €, we managed to avoid running out of the budget, as it was 750 €. 

7.4. Project Meetings 

In the beginning, we had meetings quite often, at least weekly. We met the instructor weekly and 

occasionally every other week. Group members had meetings often in Aalto Space rooms right after 

the meeting with the instructor. The working plan, workload distribution and execution agendas were 

prepared, but not in an “official” manner, instead bullet points were used. 

Somewhere in the middle of March, when the remote working laws were enforced due to COVID-

19, working procedure changed. The regular meetings with the instructor were replaced by Zoom 

video/audio meetings every Monday. The instructor was leading those meetings and every member 

was updating about their progress. Members who were working on a specific topic were carrying 

their own meetings in Microsoft Teams frequently to speed up and ensure efficiency. 

Members who could not participate in the Zoom meetings due to illness or work-related issues, were 

kept updated via written memos of the meeting. All the carried meeting minutes can be accessed from 

the shared Drive folder of this project. 

We feel the project meetings were essential to make sure that the work was carried out as efficiently 

as possible. Not only did they help in terms of keeping everyone updated about the progress of the 

project, but also helped in steering the project in the right directions. Initially, under normal 

circumstances, the group meetings were going to be held in a working space that could be accessed 

by all the group members. The hardware and other resources were going to be kept there and ideally 
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things would have been tested and modified, if necessary, on the spot. The video/audio meetings in 

Zoom and Teams were good because they prevented this project from being shelved, however, not as 

efficient as the physical meetings mainly because the hardware was not accessible by everyone 

simultaneously.  

8. Discussion and Conclusions 

Even though COVID-19 situation also affected the project work course, we managed to achieve what 

we had planned. As has been described in this report, we accomplished to design and build a 

lightweight wrist prototype. Detailed explanations about the mechanical and electrical systems are 

given, so the joint could be fairly easily replicated based on this report. 

Besides the new technical skills we obtained during the project, due to the unexpected pandemic 

situation we needed to rely on utilizing remote meeting platforms and other online collaboration tools. 

In addition to that, we believe we had a great opportunity to learn more about “real life” working 

environments where not everything happens as planned. Pandemic has caused many disruptions in 

daily life, such as increased delivery times when ordering parts from shops. In some cases, delivery 

was long after planned dates and certain items are still pending. Not only that but also labs were 

closed, and so these resources were not available anymore. Despite all the negative aspects of the 

pandemic situation, we think there is a good opportunity to learn new skills, such as self-organization, 

better task distribution and staying in touch with each other, that in a “normal” working environment 

often are not noticeable, when we interact with each other daily face to face. We needed to quickly 

find solutions to previously mentioned issues: find new or different components and suppliers, and 

find solutions to closed school facilities. Fortunately, many group members had some fabrication 

capabilities in their home. By quickly reorganizing our work habits, we were able to adapt and 

overcome the above-mentioned problems.  

We believe that this has given us new and strong skills in dealing with unforeseen circumstances, 

strong self-organizing skills, support each other, and prepared us for work in multinational companies 

and organizations. In the future, the skills can be very crucial as some companies and organizations 

have already started to explore hybrid working models where some or majority of employees work 

remotely.  

List of Appendixes 
• Calculations (Excel sheet) 

• Test data and results (Excel sheet) 

 

 

 

 

 

 

 

 

 

 

 



Page 43 of 44 

 

References 
 

Biddiss, E., & Chau, T.T., 2007. Upper-limb prosthetics: critical factors in device abandonment. 

American journal of physical medicine & rehabilitation, 86(12), pp. 977-87. doi: 

10.1097/PHM.0b013e3181587f6c  

 

Collins, D., 2015. Why RMS torque is important for motor sizing [online]. Linear Motion Tips. 

[viewed 26 May 2020]. Available from: https://www.linearmotiontips.com/why-rms-torque-is-

important-for-motor-sizing/ 

 

Cook, M., 2015. The care and feeding of arduino inputs [online]. [viewed 26 May 2020]. Available 

from: http://www.thebox.myzen.co.uk/Tutorial/Inputs.html 

 

Cordella, F., Ciancio, A. L., Sacchetti, R., Davalli, A., Cutti, A. G., Guglielmelli, E., & Zollo, L., 

2016. Literature Review on Needs of Upper Limb Prosthesis Users. Frontiers in neuroscience, 

10(209). doi: 10.3389/fnins.2016.00209 

 

Design News, 2009. Servo Motor Sizing Concepts [online]. Design News. [viewed 25 May 2020]. 

Available from: https://www.designnews.com/automation-motion-control/servo-motor-sizing-

concepts/133562047742259 

 

Drury, B. & Hughes, A., 2019. Electric Motors and Drives: Fundamentals, Types and Applications. 

5th ed. doi: 10.1016/C2011-0-07555-5. 

 

Eega S., Joordens M., Jamshidi M., 2009. Design of a low cost Thruster for an Autonomous 

Underwater Vehicle.[viewed 28 May 2020]. Available from: 

https://www.researchgate.net/publication/265991723_Design_of_a_low_cost_Thruster_for_an_Aut

onomous_Underwater_Vehicle 

 

Eitel, L., 2015. How to change a servomotor’s inertia ratio to boost efficiency [online]. Motion 

Control Tips. [viewed 28 May 2020]. Available from: https://www.motioncontroltips.com/how-to-

change-a-servomotors-inertia-ratio-to-boost-efficiency/ 

 

Kyberd, P., Lemaire, E., Scheme, E., MacPhail, C., Goudreau, L., Bush, G. & Brookshaw, M., 

2011. Two-degree-of-freedom powered prosthetic wrist. Journal of Rehabilitation Research & 

Development, 48(6), pp. 609-618. doi:10.1682/JRRD.2010.07.0137 

 

Oriental Motor, ca. 2018. Motor Sizing [online]. Oriental Motor. [viewed 25 May 2020]. Available 

from: https://www.orientalmotor.com/technology/motor-sizing-calculations.html 

 

Oriental Motor. Servo Motor Features Overview [online]. Oriental Motor. [viewed 26 May 2020]. 

Available from: https://www.orientalmotor.com/servo-motors/technology/servo-motor-

features.html 

 

https://www.linearmotiontips.com/why-rms-torque-is-important-for-motor-sizing/
https://www.linearmotiontips.com/why-rms-torque-is-important-for-motor-sizing/
http://www.thebox.myzen.co.uk/Tutorial/Inputs.html
https://www.designnews.com/automation-motion-control/servo-motor-sizing-concepts/133562047742259
https://www.designnews.com/automation-motion-control/servo-motor-sizing-concepts/133562047742259
https://www.researchgate.net/publication/265991723_Design_of_a_low_cost_Thruster_for_an_Autonomous_Underwater_Vehicle
https://www.researchgate.net/publication/265991723_Design_of_a_low_cost_Thruster_for_an_Autonomous_Underwater_Vehicle
https://www.motioncontroltips.com/how-to-change-a-servomotors-inertia-ratio-to-boost-efficiency/
https://www.motioncontroltips.com/how-to-change-a-servomotors-inertia-ratio-to-boost-efficiency/
https://www.orientalmotor.com/technology/motor-sizing-calculations.html
https://www.orientalmotor.com/servo-motors/technology/servo-motor-features.html
https://www.orientalmotor.com/servo-motors/technology/servo-motor-features.html


Page 44 of 44 

 

Parker, 2017. Overcoming Motor Inertia - The Five Things You Need to Know [online]. Parker. 

[viewed 28 May 2020]. Available from: http://blog.parker.com/overcoming-motor-inertia-the-five-

things-you-need-to-know 

 

Partco P. POTENTIOMETRI MONO 6mm 0,4W LIN 10kohm [specification][online]. Partco. 

[viewed 28 May 2020]. Available from:  https://www.partco.fi/fi/elektroniikan-

komponentit/passiivit/potentiometrit/peruspotikat/6mm-lineaariset-potikat/5331-p6mlin-10k.html 

Partco L. PHOTO INTERRUPTER (TCST1000) [specification][online].Partco. [viewed 28 May 

2020]. Available from:  https://www.partco.fi/en/electronic-components/actives/opto-

components/slotted-opto-switches/17639-tcst1103.html 

Partco M. PHOTO INTERRUPTER (TCST2000) [specification][online]. Partco. [viewed 28 May 

2020]. Available from: https://www.partco.fi/en/electronic-components/actives/opto-

components/slotted-opto-switches/17640-tcst2103.html 

Pelletier, M., 2009. Servo Motor Sizing Concepts [online]. Yaskawa Electric America, Inc. [viewed 

25 May 2020]. Available from: https://www.yaskawa.com/downloads/search-

index/details?showType=details&docnum=PR.DN.01 

 

RobotShop, 2020. 6V 210:1 75RPM Micro Metal Gearmotor w/ Encoder [specification] [online]. 

RobotShop. [viewed 28 May 2020]. Available from: https://www.robotshop.com/eu/en/6v-2101-

75rpm-micro-metal-gearmotor-encoder.html 

 

RobotShop b, 2020. DRV8838 Single Brushed DC Motor Driver [specification] [online]. 

RobotShop. [viewed 28 May 2020]. Available from: https://www.robotshop.com/eu/en/drv8838-

single-brushed-dc-motor-driver.html 

 

ServoCity, 2020. HS-77BB Servo [specification] [online]. ServoCity. [viewed 28 May 2020]. 

Available from: https://www.servocity.com/hs-77bb-servo-512#258=24&259=26 

 

Skidmore, A., 2018. Picking the right motor size [online]. Plant Engineering. [viewed 28 May 

2020]. Available from: https://www.plantengineering.com/articles/picking-the-right-motor-size/ 

Sparkfun. Pro Micro - 5V/16MHz [specification][online]. Sparkfun. [viewed 28 May 2020]. 

Available from: https://www.sparkfun.com/products/12640 

Tang, J., 2020. Motor Sizing Basics Part 3: Acceleration Torque (and RMS Torque) [online]. 

Oriental Motor. [viewed 26 May 2020]. Available from: https://blog.orientalmotor.com/motor-

sizing-basics-part-3-acceleration-torque-and-rms-torque 

 

 

 

 

 

http://blog.parker.com/overcoming-motor-inertia-the-five-things-you-need-to-know
http://blog.parker.com/overcoming-motor-inertia-the-five-things-you-need-to-know
https://www.partco.fi/fi/elektroniikan-komponentit/passiivit/potentiometrit/peruspotikat/6mm-lineaariset-potikat/5331-p6mlin-10k.html
https://www.partco.fi/fi/elektroniikan-komponentit/passiivit/potentiometrit/peruspotikat/6mm-lineaariset-potikat/5331-p6mlin-10k.html
https://www.partco.fi/en/electronic-components/actives/opto-components/slotted-opto-switches/17639-tcst1103.html
https://www.partco.fi/en/electronic-components/actives/opto-components/slotted-opto-switches/17639-tcst1103.html
https://www.partco.fi/en/electronic-components/actives/opto-components/slotted-opto-switches/17640-tcst2103.html
https://www.partco.fi/en/electronic-components/actives/opto-components/slotted-opto-switches/17640-tcst2103.html
https://www.yaskawa.com/downloads/search-index/details?showType=details&docnum=PR.DN.01
https://www.yaskawa.com/downloads/search-index/details?showType=details&docnum=PR.DN.01
https://www.robotshop.com/eu/en/6v-2101-75rpm-micro-metal-gearmotor-encoder.html
https://www.robotshop.com/eu/en/6v-2101-75rpm-micro-metal-gearmotor-encoder.html
https://www.robotshop.com/eu/en/drv8838-single-brushed-dc-motor-driver.html
https://www.robotshop.com/eu/en/drv8838-single-brushed-dc-motor-driver.html
https://www.servocity.com/hs-77bb-servo-512#258=24&259=26
https://www.plantengineering.com/articles/picking-the-right-motor-size/
https://www.sparkfun.com/products/12640
https://blog.orientalmotor.com/motor-sizing-basics-part-3-acceleration-torque-and-rms-torque
https://blog.orientalmotor.com/motor-sizing-basics-part-3-acceleration-torque-and-rms-torque

