
ABSTRACT 

POPP, FIONA REGINA. Development and Evaluation of a Novel Optical Sensor System for 
Wrist Rotation Control of Upper Limb Prostheses. (Under the direction of Dr. He (Helen) 
Huang). 
 

The objectives of this work were to develop a system for measuring rotation, utilizing an 

optical sensor, and evaluate the system for wrist rotation control of upper limb prostheses, using 

an able-bodied prosthesis adapter. The developed optical sensor system presents an alternative 

wrist rotation control method, in comparison to the conventional electromyography (EMG) 

control techniques of direct control (DC) and pattern recognition (PR). The optical sensor system 

(OSS) control does not require training of a classifier, as does PR. Unlike DC, but similar to PR, 

OSS control uses natural motions for wrist rotation. This control also allows for simultaneous 

control of the wrist and grasp DOF, which neither DC nor PR have as a feature. In comparison to 

pattern recognition, OSS control eliminates the reliance on consistent EMG signals for wrist 

rotation. A literature search found no research conducted on the use of an optical sensor for wrist 

rotation control. Chapter 1 covers the motivation as well as previous applications of optical 

sensor usage in the field of prostheses. 

Chapter 2 consists of the development of the optical sensor system and bench tests. Two 

bench tests were conducted to evaluate the feasibility of the system and the repeatability of the 

sensor. The bench test apparatus compared the optical sensor angle measurement to that of a 

digital goniometer, for rotation of a tube with uniform radius. For the first test, both sensors were 

zeroed before data collection and the difference between the two sensors’ angle values was 

evaluated. The results showed a maximum difference less than 3°, which is acceptable for the 

intended application. The second test investigated repeated motions, where the sensors were only 



zeroed at the beginning of each trial. The results showed that sensor drift occurred and 

consequently, it was accounted for when designing the wrist rotation control algorithm. 

Chapter 3 covers the control development and human testing. A mount was 3D printed 

and installed on the able-bodied adapter, to properly place the optical sensor on the skin. The 

control was developed in MATLAB and serial communication with an Arduino, which 

interfaced with the optical sensor, was utilized to obtain the displacement of the forearm. The 

prosthesis rotated clockwise or counterclockwise, based on the measured position, using 

proportional velocity control. The hand open/close degree of freedom was controlled using EMG 

signals. Testing was completed for six able-bodied individuals, after informed consent, to 

compare the performance of optical sensor system control to the convention direct control 

method. Each participant completed five trials of a clothespin relocation task, for both control 

methods. The average number of clothespins moved was larger for DC compared to OSS 

control; however, the maximum number of clothespins for OSS control were equal to or greater 

than DC. These results show that the current optical sensor system control has potential and is 

feasible, although improvements should be implemented. Future work involves improving the 

control method and testing with the intended population of upper limb amputees. 
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CHAPTER 1: Introduction 

1.1 Motivation 

In 2005, it was estimated that 500,000 people were living with minor upper limb 

amputations and 41,000 people were living with major upper limb amputations, in the United 

States of America. A minor amputation was classified as the loss of a finger or fingers, whereas 

major included additional loss of the upper limb. In the year 2005, there were an estimated 

1,568,000 people living with upper and/or lower limb amputations in the United States. This 

number is projected to increase to 3,627,000 people living with amputations in the year 2050 [1]. 

If the ratio of prevalence of major upper limb amputations to total amputations in 2005 is applied 

to the projected prevalence of all amputations, then the number of people in the United States 

living with major upper limb amputations in 2050 can be estimated at 94,838. This increase will 

cause a larger demand for prosthetic devices. Prostheses improve amputees’ ability to perform 

activities of daily living (ADL), such as: lifting an object with both hands, carrying a cup, or 

opening a door while holding an item in one hand. 

Two commercially available upper limb prosthesis control methods are direct control and 

pattern recognition. Direct control allows for multiple degrees of freedom (DOF) to be driven by 

consecutively switching through them. Pattern recognition enables the control of multiple DOF 

through the use of a classifier that predicts the desired motion. Both methods employ 

electromyography (EMG) control and are explained in more detail in Section 1.2.1. Pattern 

recognition has been shown to impart less cognitive workload on the user and allow for faster 

task completion time, compared to direct control. It was hypothesized that this was due to pattern 

recognition being more intuitive than direct control [2], [3]. 
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Challenges for upper limb prostheses include the large rejection rate and specifically for 

pattern recognition, EMG signal fluctuations. Rejection rates for myoelectric upper limb 

prostheses, between the years of 1983 and 2005, were reported to be up to 75% for pediatric 

amputees. For adult amputees, between the years of 1980 and 1993, rejection rates were reported 

to be up to 50% [4]. These high rejection rates provide motivation for control improvements of 

prostheses, in order to improve quality of life for upper limb amputees. Out of 2,477 upper limb 

amputees surveyed, 63% of people who wore a prosthesis used a body-powered hook and 37% 

wore an electric prosthesis. Wrist rotation of the terminal device was the number one reported 

improvement preference for transradial amputees who used a body powered device and the 2nd 

out of 10 preferred improvements for tranhumeral amputees who used a body powered device. 

Assuming that the goal of myoelectric upper limb prostheses is to improve upon body-powered 

prostheses, wrist rotation should be a main factor in the design. Terminal device rotation was 

ranked 6th out of the 17 most preferred improvements for transradial amputees who used an 

electric prosthesis [5]. This shows that electric prostheses could benefit from wrist rotation 

control improvements. Additionally, wrist function of a prosthesis plays an integral role in 

reaching and grasping tasks and has had less design focus compared to that of the hand [6]. In 

particular to pattern recognition, robustness of control is a challenge due to EMG signal 

fluctuations. Pattern recognition performs classifications based on EMG signals, so fluctuations 

due to electrode-skin impedance, electrode shift, and muscle fatigue can cause misclassifications 

which reduces performance [7]–[10]. In [7], a study analyzing pattern recognition performance, 

the system was not robust enough to allow for calibration only at the beginning of the session. 

Work has been done to evaluate the effect of the EMG signal disturbances on classification 

accuracy for different EMG feature sets [8]. One method investigated for reducing classification 
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errors for pattern recognition control was the implementation of adaptive algorithms [9]. An 

approach for lower limb control introduced a sensor fault detection monitor that removed EMG 

signals from being inputted to the classifier when disturbances were present [10]. 

Optical sensor system control proposes a novel method of wrist rotation control of upper 

limb prostheses using the quantification of forearm rotation in place of EMG electrodes. 

Pronation and supination of the wrist causes rotation of the forearm, which was used as the 

control input for prosthetic wrist rotation. An optical sensor was chosen to quantify forearm 

motion because of its ability to output displacement without complex analysis and because it is 

an inexpensive solution. The intended population of this control method is transradial amputees 

because a portion of their forearm remains and therefore, some forearm rotation may be possible. 

The optical sensor would be used to quantify the relative motion between the residual limb and 

socket.  

This work encompasses the development and evaluation of a novel optical sensor system 

(OSS) for the wrist rotation control of a prostheses. The OSS controlled wrist rotation was 

combined with EMG control for the hand open/close motion to allow testing of a 2 DOF device. 

Given that OSS control uses intuitive motions for prosthetic wrist rotation, similar to pattern 

recognition, there is a possibility that it will impart less cognitive load than direct control. In 

comparison to pattern recognition, there is no reliance on EMG signal quality for wrist rotation 

when using optical sensor system control. In comparison to direct control, OSS control utilizes a 

direct relationship between intension and prosthesis movement. Furthermore, OSS control allows 

the simultaneous control of two DOF, compared to pattern recognition and direct control’s 

independent DOF control. 
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1.2 Background Information 

1.2.1 Current Methods of Wrist Rotation Control for Prostheses 

Options for upper limb prostheses include body powered, powered, and passive/ 

cosmetic. Body powered devices are cable-driven where the movement of an intact joint, such as 

the shoulder, causes the prosthetic hand to open or close, for example. One benefit of body 

powered devices is the proprioceptive feedback due to the cable tension [11]. Passive prostheses 

are solely for cosmetic purposes and do not provide any functionality.  

Myoelectric prostheses are the main type of powered prostheses. Myoelectric upper limb 

prostheses utilize electrodes to monitor the electrical signal of the muscles, which are used for 

controlling the device. The electrodes are placed on specific muscles of the residual limb to 

capture the electrical signal of action potentials when the muscle is contracted. A widely used 

method of control is direct control (DC), which utilizes an agonist/antagonist muscle pair to 

control multiple degrees of freedom (DOF). One DOF is controlled at a time and the direction of 

the motor depends on which muscle is activated. The user switches between DOF by co-

contracting the muscle pair [7], [12]. A state-of-the-art control method is pattern recognition 

(PR), where a classifier determines the patterns used for desired motions [7], [12]. For this 

approach, several EMG electrodes are used to train a classifier that predicts the intended motion 

and causes the prosthesis to respond accordingly. This method does not require the user to switch 

between DOF. Another means of control is the use of a musculoskeletal model, where the link 

between EMG signals and joint motions is utilized, in addition to the EMG signals. One example 

of this is a generic musculoskeletal model developed to control the flexion and extension of the 

wrist and metacarpophalangeal joints [13]. 
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Two other means of control for powered prosthesis, currently in the research phase, are 

the use of a magnet and electromagnetic field sensor and the use of inertial measurement units 

(IMUs). A simulation study, for a transhumeral amputee, investigated the use of sensing the 

rotation of the remaining bone, using a magnet and magnet sensor. The idea was to implant a 

small permanent magnet into the distal end of the bone. Residual limb movement would cause a 

change in the magnetic field, due to the motion of the magnet, which would be detected by the 

sensor. This system would quantify the desired rotation for a prosthetic hand. An advantage of 

this is the potential to preserve some proprioceptive awareness [14]. A patent was issued for this 

control method in 2011, with the title of “Method and Apparatus for Prosthetic Limb Rotation 

Control” [15]. Research has also been completed on the use of inertial measurement units (IMU) 

for wrist control, where upper limb amputees used compensatory motion of the torso and upper 

arm to control the prosthesis [16]. In this work, shoulder ab/adduction was related to wrist 

rotation. Shoulder ab/adduction was approximated by the upper arm angle, measured by an IMU 

placed on the prosthesis. Shoulder abduction caused the prosthetic wrist to pronate and adduction 

caused supination. The wrist control could be activated and deactivated by positioning the upper 

arm and elbow in specific angle ranges. Experiments were completed for able-bodied individuals 

and for one transradial amputee. The participants performed the clothespin relocation test (CRT) 

and a compound manipulation task that required the use of two hand postures: vertical and 

horizontal grip. The IMU controller was compared with a sequential controller and the results 

showed that both populations were able to complete both tasks faster with the IMU control 

compared to the sequential control. 
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1.2.2 Current Methods of Detecting Relative Motion Between Residual Limb and Socket 

Research has been conducted to quantify the socket fit, for upper limb and lower limb 

amputees, using an optical sensor as the measurement device. This work involved an optical 

sensor; therefore, these findings are discussed in the Section 1.2.4.1. 

Detection of relative motion between the residual limb and socket has also been 

conducted using other sensors, such as a magnetic field sensor. This research was completed to 

investigate the fit of a socket-suspension system (SSS) for lower limb amputees. The SSS does 

not require any modification of the socket itself, which is advantageous considering sockets are 

expensive. The system used a small permanent dipole magnetic disk affixed to the outside of the 

socket liner and a field orientation measurement (FOM) sensor, which was placed on the outside 

of the socket. The change in relative motion caused the magnet to move, which generated a 

change in magnetic field orientation. This magnetic field change was measured and translated 

into a distance of relative motion. Testing was completed for a transtibial amputee, who had a 

suspension system consisting of a vacuum chamber and pump integrated into the prosthetic leg. 

Testing was completed with suspension enabled and then disabled. The results from the FOM 

sensor showed an increase in displacement for the disabled suspension system compared to the 

enabled system [17]. 

1.2.3 Optical Sensor Information 

As previously mentioned, an optical sensor was chosen to quantify wrist rotation because 

displacement can be obtained without the need for complex analysis and because it is an 

inexpensive solution. In addition, off the shelf optical sensors are available that do not require 

additional circuit design for proof of concept and optical sensors have previously been used to 

quantify displacement in the field of prostheses.  
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Optical sensors require three components: a light source (emitter), a light sensor 

(receiver), and a transmitting medium. Transmitting mediums include lenses, mirrors, filters, and 

optical wave guides. Optical sensors function by a change in distance between two sensors parts 

or between the sensor and a moving object. This distance change causes a change in reflection, 

absorption, transmission, scattering, or diffraction of the light beam. The change detected by the 

sensor is then used to calculate a distance. Common optical sensors include photoresistors, 

phototransistors, photodiodes, position sensitive diode, diode arrays, charge-coupled device 

(CCD) cameras, and complementary metal oxide semiconductor (CMOS) cameras [18].  

The previous works that utilize optical sensor in prosthesis research all used different 

sensors conventionally used in computer mice. The optical sensors used in computer mice 

consist of a LED, lens, and integrated circuit (IC), Figure 1. The most common image sensor 

used in the IC, for optical computer mice, is a Complementary Metal Oxide Semiconductor 

(CMOS) sensor. The image sensor is part of the navigation sensor, which is used to determine 

the displacement based on the output from the image sensor. An LED is used to illuminate the 

surface at an angle. Reflection from the surface, which creates a contrasted image of the surface 

texture, is projected on the CMOS sensor [19]. The CMOS image sensor creates a 2D array of 

pixels, where each pixel consists of a photo-detector and transistors [20], [21]. A photo-detector 

is composed of photodiodes that output current proportional to the light intensity. The current 

from the photo-detectors is converted to a voltage and amplified for each pixel. Then, an analog 

to digital converter is used to create a digital signal [21]. A navigation sensor, comprised of a 

digital signal processor, compares the thousands of images that are taken each second and 

estimates the relative translation [22], [23]. The navigation sensor determines the direction and 
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magnitude of the relative motion by comparing the sequential images and outputs a value to 

represent the displacement [19], [23]. 

 
Figure 1: Optical Sensor Setup. The components required for an optical mouse and an illustration of how the image 

data is acquired by the sensor. This figure was created based on the optical sensor diagram titled “LED 
Technology” in [23].  

A conventional method of quantifying motion of the optical sensor’s image data is 

completed through comparisons of sequential pictures as shown in [24]. A reference image from 

the nth - 1 frame is extracted from the total image of the nth - 1 frame. This reference image is 

used to determine the motion in the nth frame. The reference image is sequentially overlapped 

with the present image of the nth frame, in a zig zag motion. The location of the pixels from the 

reference image are compared with the pixels in the present image to determine the amount of 

motion, which is the output. This process is repeated indefinitely [24]. 

1.2.4 Current Optical Sensor Usage in Prostheses 

The use of optical sensors in upper and lower limb prostheses fall into two main 

categories: quantifying fit of the socket and feedback for prosthetic hand grip.  

1.2.4.1 Quantifying Fit of Socket 

A socket is the mechanical interface between the residual limb and prosthetic device. It is 

one of the most vital aspects of the human prosthesis interface. The major factors for a successful 

upper limb prosthesis socket are maximization of range of motion, stability during daily 
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activities, and comfort of the distributed forces on the residual limb during suspension of the 

prosthesis and movement [25]. 

An optical sensor can be used to monitor the relative motion between the residual limb 

and socket. This information can then be used to aid prosthetists in developing a better fit. In a 

series of three papers by Noll et. al, a novel optical 2D motion sensor device was developed to 

monitor the relative motion between the residual lower limb and socket [26]–[28]. The 

motivation for the work was to create a system to aid in the socket fit process and allow for the 

fit to be evaluated through dynamic motions in comparison to static evaluation. A stipulation was 

to maintain the interface behavior and comfort. The novel measurement system was developed 

with an ADNS 9800 optical sensor, ADNS 6190 lens, Arduino, and LCD screen. The sensor was 

capable of detecting linear motion in two directions. It was claimed that rotational movements 

could only be calculated if two sensors were placed in the same plane. Extensive testing was 

performed using a two-axis test bench. Three movement trajectories (x-axis, y-axis, and 

diagonal) were tested at two velocities for four different lengths to analyze the relative error. The 

test bench showed that accuracy and precision were independent of speed, accuracy was 

consistent across axes, measurements were most precise along the x axis, and measurement error 

ranged from 2 to 6% [26]. 

In [27], another test bench was completed to evaluate the sensor readings while varying 

the following parameters: reference surface texture, calibration velocity, sensor sensitivity, 

cavity diameter, dimensions of sensor, and measurement distance of sensor. First, the distance, 

velocity, direction of test rig movement, sensor calibration velocity, and sensor sensitivity 

settings were tested. From this test, the favorable sensor-liner configuration and sensor settings 

were determined. These parameters were then used in a second test that examined the following 
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six factors: variations in test rig distance, velocity, direction, measuring distance, and upper and 

lower cavity diameter (for the sensor mount). This test determined that the measurement distance 

factor should be evaluated further, considering the distance between the socket and limb may 

vary during biomechanical measuring. Another challenge recognized was the need to measure on 

a convex surface. The measurement system was evaluated on two healthy participants for 

unloaded knee bends and treadmill gait. The purpose of the unloaded knee bends was to assess 

the ability to measure on the convex surface of a human’s leg and the purpose of the treadmill 

gait evaluation was to examine gait induced relative motion. 

Multiple sensors were utilized in [28] for an additional bench test and a pilot study with a 

transtibial amputee. The amputee’s socket was custom made to integrate the sensors and the 

sensor measurement sites were determined through interviews with the participant and 

prosthetist. Four of the chosen sites were previously problematic and three sites were non-

problematic. Two sensors were placed on the anterior side, three on the lateral side, and two on 

the posterior side. The results showed the average movement of the residual limb in the socket 

throughout 54 gait cycles as well as the surface quality (SQUAL) factor. In conclusion, the 

multiple measurement monitors enabled the analysis of relative motion at various locations along 

the socket. 

The evaluation of transhumeral socket fit using motion capture and a slip detection sensor 

is another example of optical sensor usage for residual limb and socket interface assessment. 

During activities of daily living, an 8 camera Vicon system was used to record movement of the 

upper body and prosthesis, and an optoelectronic sensor was used to measure the amount of 

socket slip. The goals were to create a motion capture model for calculating the position of the 

residual limb bone inside the socket, design and validate a slip detection sensor, quantify the 
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range of motion (ROM) of the socket relative to the residual limb bone, relate socket interface 

movement to ADL outcomes, and define fit parameters and provide proposals on how the data 

could be used by a prosthetist. The optoelectronic sensor system was formed with the Genius 2.4 

GHz Wireless Pen Mouse (wireless through a USB port). A custom socket insert was designed to 

house the sensor and only required a standard circular hole to be drilled in the prosthesis. A 

MATLAB script was used to determine the distance traveled by recording the cursor position 

inside a figure window on the computer monitor. To remove speed errors, the settings of the pen 

mouse were changed to neglect acceleration. The sensor was calibrated using a scaling factor to 

ensure cursor movement represented the real-world movement. The movement of the socket over 

a silicone mold was evaluated with both the sensor and motion capture system, for sensor 

validation. Data were collected for six transhumeral amputees while performing four range of 

motion (ROM) tasks and five activities of daily living (ADL). The ROM tasks were shoulder 

flexion/extension, shoulder abduction/adduction, shoulder rotation, and elbow flexion/extension. 

The ADL tasks were a unilateral lift, bilateral lift, walk and carry, fold a towel, and box and 

blocks. The metrics evaluated were socket tilt (anterior-posterior and medial-lateral), socket 

translation (vertical), and socket slip (vertical and rotational). Rotational slip was defined as the 

socket’s rotation about the most distal part of the residual limb and was reported as an arc length. 

The results showed that the relative movement between the socket and residual limb is dependent 

on the user and their socket suspension system [29]. A patent was issued for this sensor system in 

2017, with the title of “Prosthesis and Orthosis Slip Detection Sensor and Method of Use” [30]. 

1.2.4.2 Feedback for Prosthetic Hand Grip 

An upper limb amputee using a prosthetic device does not have proprioceptive feedback 

regarding the position of the prosthesis or the opening and closing force of the prosthetic hand. 
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Proprioception is the ability to perceive the location, movement, muscle force, and exerted effort 

of a body part [31]. An amputee is unable to identify, unless through visual feedback, if the 

object they are holding is slipping. Therefore, the goal for integrating an optical sensor into a 

prosthetic hand is to create a shared control that replaced the need for proprioceptive feedback of 

the gripping force. An added difficulty is that different objects, for example an egg compared to 

a cup, require different amounts of force to prevent slippage, while maintaining the structural 

integrity of the object. 

One example of feedback for prosthetic hand grip is the closed loop control of prosthetic 

hand grip based on slip detected by an optical sensor. The optical sensor used was the CMOS 

(Complementary Metal Oxide Semiconductor) sensor system from the Logitech SBF-96 optical 

wheel mouse. The sensor system consisted of a CMOS sensor, lens, and LED. The CMOS sensor 

captures images of the surface which are sent to the processor as a digital signal. The processor 

identifies patterns in the images and determines how much the current image has changed from 

the previous image, to create a signal that contains the magnitude and direction of movement. To 

embed the sensor system in the prosthetic hand, the sensor, LED, and lens were extracted from 

the computer mouse’s printed circuit board (PCB). The sensor system was embedded in a 

silicone glove that fit over the prosthetic hand. The existing USB interface was utilized to obtain 

the x and y movement, which were used as the inputs to the control loop. A change in motion 

over a period of time tightened the grip [32]. 

Research was also conducted to implement an optical sensor for grip control in the 

fingers of a prosthetic hand. The sensor used was the ADNS-5090. The change in distance 

between the sensor and object surface, as well as sunlight versus ambient light was tested. The 

effect of varying surface properties, which included roughness, curvature, transparency, 
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reflectivity, and hardness were evaluated. Both of the tests were done with a red LED and an 

infrared LED. The difference between the sensor values for the red and infrared LEDs was not 

statistically significant. The system was most responsive when the sensor was flush with a 

surface that had high texture or roughness, and low reflectivity [33]. 

1.3 Goals and Aims 

The main goal of this work is to develop a novel optical sensor system for pronation and 

supination control of a prosthetic hand. This work acts as a proof of concept for a novel wrist 

rotation control technique for upper limb prostheses. As shown in Section 1.2, a literature review 

did not find any research conducted that implemented an optical sensor for prosthetic wrist 

rotation control. 

The aims of this research are the following: 

Aim 1: Develop an optical sensor system (OSS) that measures rotation. 

Aim 2: Evaluate the OSS for wrist rotation control of a prosthetic hand, using an able-bodied 

adapter. 
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CHAPTER 2: Aim 1 – Development of the Optical Sensor System for Measuring Rotation 

2.1 Introduction 

This chapter discusses the hardware and software design of the optical sensor system 

used to measure rotation. The use of an optical sensor for measuring rotation was validated with  

two bench tests. The first bench test consisted of rotating a tube beneath the optical sensor, at 

two different speeds, and comparing the angle calculated from the optical sensor system to a 

ground truth value. The second test was conducted for evaluation of the sensor’s repeatability in 

measuring rotation. 

2.2 Design of the Optical Sensor System 

The optical sensor system consisted of an optical sensor, lens, and a microcontroller. The 

sensor used was the PMW3360 Motion Sensor from JACK Enterprises [34], which utilizes 

PixArt’s PMW3360 chip, Figure 2 [35]. This sensor was chosen because of its high resolution 

and accuracy. Additionally, the sensor included the chip and Printed Circuit Board required for 

interfacing with a microcontroller. The chip is designed for gaming computer mice and uses a 

navigation chip and an IR (Infrared) LED (Light Emitting Diode) to calculate motion along the x 

and y axes. The chip has an adjustable resolution of up to 12,000 counts per inch (CPI), with a 

100 CPI step size, a resolution error of 1%, a maximum distance of 3 mm from the lens to 

moving surface, and utilizes four wire serial peripheral interface (SPI) communication [35]. An 

Arduino Leonardo was chosen as the microcontroller to interface with the sensor because of its 

fast data access capabilities [36]. 

The specifics of the internal operation of this particular optical sensor chip are unknown 

because of a lack of detailed explanation on the datasheet, assumingly due to proprietary 

technology. Information pertaining to how the motion value is outputted and how the raw data is 
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read is provided in the datasheet. When the Motion register is read, it determines if motion has 

occurred since the previous instance of being read. Two registers for each axis, one for the lower 

8 bits and one for the higher 8 bits, hold the movement in counts that have elapsed since the last 

report. When raw data is read, a data map of the surface visible through the lens is created and 

organized as a picture element array [35]. 

 

 
 

a)                  b) 
Figure 2: PWM3360 Motion Sensor. a) sensor top b) sensor bottom with labeled axes. 

As previously mentioned, communication between the optical sensor and microcontroller 

was performed using four wire SPI. Additionally, connections were required for voltage supply, 

ground, and the motion pin. The wiring diagram and wire connections table were created by 

referencing the listed pinout on the PMW3360 Motion Sensor product page [34], Figure 3 and 

Table 1. 

 

 

 

a) b) 
Figure 3: Wiring Diagram and In-Circuit Serial Programming (ICSP) Pinout. Note: not to scale. a) Wiring from the 

optical sensor to the Arduino b) Pinout for the In-Circuit Serial Programming pins on the Arduino [37]. The dot 
corresponds to the dot on the Arduino, for orientation purposes. 
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Table 1: Wiring Connections from Optical Sensor to Arduino 

Pin Purpose Optical Sensor Arduino 

Reset (active low) RS Not connected 

Ground GD GND 

Motion (active low) MT 7 

Slave Select SS 10 

SPI Clock SC ICSP 3 

MOSI (Master Out Slave In) MO ICSP 4 

MISO (Master In Slave Out) MI ICSP 1 

Input Voltage VI +5V 
 

The provided software from the creator of the PMW3360 Motion Sensor, PMW3360DM-

polling.ino, was modified to calculate rotation of a surface and the chip firmware, 

SROM_0x04_Arduino.ino, was not modified [38]. The program started with setup, which 

initialized the pin modes, SPI communication, and the chip. The resolution was set by writing to 

the Config1 register; the default resolution of 5,000 CPI was used. The lift detection height 

threshold was modified by writing to the Lift_Config register; the default value of nominal 

height plus 2 mm was used, because the optical sensor would not move away from the rotating 

surface during the bench test. Lift detection height threshold is the height at which the sensor no 

longer outputs a motion value. Nominal height is defined as the height from the lens sitting plane 

to the navigation surface, when the mouse is not lifted [35]. In the loop function, which ran 

indefinitely, the Delta_X_L register was read at a sampling rate of 50 Hz, converted from binary 

to decimal, and then printed to the serial monitor. The Delta_X_L register holds the lower 8 bits 

of the change in X motion since the last reading. The largest value that Delta_X_L can hold is 

255, which was significantly larger than the values obtained during testing, therefore the 
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Delta_X_H register, which holds the upper 8 bits, was not required. The x axis was chosen to 

measure the rotation so that the long side of the sensor would lie along the tube (and arm). 

2.3 Methods 

To test the ability for the optical sensor to detect rotation, a bench test apparatus was 

fabricated, Figure 4. The first bench test, Rotation With Sensor Zeroing, compared degrees 

calculated by the optical sensor system (OSS) to the degrees from a digital goniometer. The 

second bench test, Repeated Rotation Without Sensor Zeroing, evaluated the repeatability of the 

OSS. The digital goniometer had a range of 0° to 360°, accuracy of +/- 0.30°, and an incremental 

resolution of 0.05° [35]. 

The apparatus tested an idealized situation of wrist rotation by using an acrylic tube, with 

a constant outer diameter of 82.25 mm, to mimic rotation of the wrist. White printer paper was 

affixed to the surface of the tube because the sensor was unable to obtain a reading on the acrylic 

surface. The tube was positioned inside two wooden cradles that restricted vertical and horizontal 

motion. To ensure the arm of the goniometer rotated in unison with the tube, it was attached to a 

curved piece of wood that was affixed to one end of the tube. The pivot point of the digital 

goniometer was centered with the centroid of the tube, so that rotation of the tube would cause 

the arm to move about its pivot point. The handle of the goniometer was held in place by a 

wooden mount. 

The optical sensor was mounted using 3D printed parts designed for mounting the optical 

sensor on the able-bodied prosthesis adapter; this was done to replicate the setup used for human 

testing. Three 3D printed parts were used to allow for proximal/distal, horizontal, and vertical 

adjustments. The fourth part was the mount for the optical sensor, which was designed based on 
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the parameters in the optical sensor datasheet [35]. The bottom of the mount was curved to 

match the curvature of the tube. More details on this design are in Section 3.2. 

 

 

 

a) b) 

Figure 4: Bench Test Apparatus. a) front view b) top view. 

A multistep process was completed for collecting the Rotation With Sensor Zeroing data. 

First, the testing apparatus was adjusted so that the optical sensor was positioned over the middle 

of the tube. A metronome was started with the desired cadence of either 30 or 60 beats per 

minute (BPM). The tube was rotated by hand until the goniometer arm was at approximately 90° 

to the table; then the goniometer was zeroed. Next, the Arduino was reset to zero all the 

variables: current count (sensor output), total count (accumulated sensor output), calculated 

position, and calculated rotation. After the reset, the serial monitor was opened, which displayed 

the variables. Then, the tube was moved counterclockwise by hand until the goniometer reached 

the approximate desired angle. The final angle from the goniometer was recorded and the data 

displayed in the serial monitor were saved as a text file. Each target angle was repeated for a 

total of three trials. The degrees of rotation tested were 5 to 50°, in increments of 5°. Note, 
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because the tube was moved by hand, the target rotation values were used as a guideline for the 

rotation. After the collection was completed for the target speed of 30 BPM, the target speed of 

60 BPM was tested.  

The target speeds were calculated using the Beats Per Minute (BPM) value and Equation 

1. The resulting time between metronome beats was 2s for 30 BPM and 1s for 60 BPM. 

Therefore, given that the goal was to rotate 5° between metronome beats, 2.5°/s was the target 

speed for 30 BPM and 5°/s was the target speed for 60 BPM; this was obtained by dividing 5° by 

the time 𝑇. 

𝑇 =
1

𝛼 ∗ 𝑆	
(1) 

where 𝑇 is the time between metronome beats in units of seconds per beat, 𝛼 is the 

cadence with units of beats per minute, and S is the conversion factor from minutes to seconds 

and has a value of  *
+,

 with units of minute per seconds. 

The software described in Section 2.2 was modified to calculate the angle of rotation 

using the output from the sensor, which was in units of counts. First, the counts were 

accumulated over time and divided by the resolution to obtain the arc length in mm, Equation 2. 

Then, the arc length was converted to degrees rotated, Equation 3. The four variables: current 

count (output from the sensor), accumulated count, arc length, and angle, were printed in this 

order to the serial monitor at a frequency of 50 Hz.  

𝐴 =
𝐶
𝑅	 ∗ 𝑀

(2) 

where 𝐴 is the arc length in units of mm, 𝐶 is the accumulation of counts, 𝑅 is the 

resolution with units of counts per inch, and M is the conversion factor from inches to mm and 

has the value of  25.4 with units of mm per inch. 
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𝐷		 =
𝐴	
𝑟 ∗ 𝐸

(3) 

where 𝐷 is the number of degrees, 𝑟 is the radius of the tube with a value of 41.125 mm, 

and E is the conversion factor from radians to degrees and has the value of 180 with units of 

degrees per radians. 

A multistep process was completed for collecting the Repeated Rotation Without Sensor 

Zeroing data. First, the testing apparatus was adjusted so that the optical sensor was positioned 

over the middle of the tube. The digital goniometer was then set by hand at approximately 90° to 

the table and zeroed. Then, the Arduino was reset to zero all the collection variables and the 

serial monitor was opened. The starting angles from the goniometer and OSS were recorded. 

Subsequently, the tube was moved counterclockwise by hand, to the desired angle (indicated by 

the goniometer reading), and then the goniometer and OSS values were recorded. Next, the tube 

was moved clockwise until the goniometer displayed a value of approximately 0°, then the 

values were recorded. The movement from the desired angle to 0° was repeated for a total of five 

repetitions without zeroing the goniometer or the OSS. Three trials were conducted for the 

desired angles of 5, 10, 15, and 20°.  

2.4 Data Processing 

The following was completed for the Rotation With Sensor Zeroing test. The final OSS 

values from the serial monitor output were recorded. These values along with previously 

recorded goniometer values were read into MATLAB. The average speed at which the tube was 

rotated was calculated from the angle values. For each trial, the ith + 1 angle value was subtracted 

from the ith term to create a velocity array, which was then averaged. The resulting average 

velocities for each trial were averaged to determine the overall average velocity for each target 

angle. This was completed for both target speeds. The angle calculations from the optical sensor 
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system were plotted against the goniometer angles to evaluate their relationship. Additionally, a 

Bland-Altman plot, which plots the difference between the two measurement systems versus the 

average, was created to view the discrepancies between the two measurement methods. The 

difference was calculated as goniometer value minus the OSS value.  

The following was completed for the Repeated Rotation Without Sensor Zeroing test. 

The difference between the goniometer and OSS values (defined as goniometer value minus OSS 

value) was computed for each reported goniometer angle. For simplicity, only one trial of each 

target angle was plotted. A second plot was created to show the continuous values of the optical 

sensor system plotted with the discrete angle values from the goniometer. While the second plot 

shows the same data as the first, it was created to aid in visualization of the repeated movements. 

2.5 Results 

The average recorded speed for slow rotation was 3.23°/s compared to the target speed of 

2.5°/s. For fast rotation, the average recorded speed was 6.57°/s in comparison to the target speed 

of 5°/s. The maximum difference between the OSS and goniometer angles was 2.45° for slow 

rotation and 2.56° for fast rotation. The minimum difference was -0.07° for slow rotation and -

0.12° for fast rotation. The average difference was 1.171° for slow rotation and 1.297° for fast 

rotation. There was a positive linear relationship between the ground truth goniometer values and 

the optical sensor system values, Figure 5. For both speeds tested, the correlation coefficient was 

0.999. A Bland-Altman plot, which is a conventional method of comparing measurement 

systems, was used to evaluate how close the optical sensor calculations were to the ground truth. 

For both speeds tested, the difference between the OSS and Goniometer angle of rotation 

increased as the angle increased, Figure 6. 
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Figure 5: Rotation With Sensor Zeroing Bench Test Results. Goniometer rotation values plotted versus the OSS 

values, for slow and fast speeds. The Reference line shows the ideal relationship. 

 
Figure 6: Rotation With Sensor Zeroing – Bland-Altman. Difference between OSS and goniometer rotation values 

versus the average, for slow and fast speeds. Difference is defined as goniometer values minus OSS values. Average 
is defined as the average of the values from the two measurement systems. 
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The repeatability test showed that the difference increased as the repetition number 

increased, Figure 7. It also showed that as the desired angle increased, the final difference value 

increased. The average final difference value for 5, 10, 15, and 20° were -2.83, -6.74, -7.65, and  

-9.46°, respectively. The raw data plot showed drifting of the optical sensor values, when 

compared to the goniometer values, Figure 8. 

 
Figure 7: Repeated Rotation Without Sensor Zeroing Bench Test Results. Difference between the OSS and 

goniometer values for repeated rotations of 5, 10, 15, and 20°, without zeroing between movements. One trial for 
each movement angle is shown. Difference is defined as goniometer values minus OSS values. 
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Figure 8: Repeated Rotation Without Sensor Zeroing –  Raw Data. Continuous optical sensor system values and 

discrete goniometer values  for one trial of each movement angle. 

2.6 Discussion 

The Rotation With Sensor Zeroing bench test, Figure 5, showed that there is a linear 

relationship between the ground truth values and optical sensor system values. The maximum 

deviation of the optical sensor system, compared to the ground truth, was approximately 2.5°, for 

angles less than or equal to 55°. This small difference is acceptable for this application. This 

bench test demonstrated that the sensor has enough accuracy for use of quantifying rotation. 

Considering that the tube was rotated by hand, the variation in the linear relationship was 

expected because it was difficult to rotate the tube to the exact desired angle. As the rotation 

increased the difference also increased, which is due to an accumulation of integration error. A 

possible reason for the buildup of error could be the reported sensor’s resolution error of 1%. 

The datasheet also shows that a small amount of error is expected, by reporting a plot of path 
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error due to deviation from a straight line [35]. Path error is defined as a percentage of deviation 

from the ideal path, with units of percentage of total distance [39]. The Bland-Altman plot, 

Figure 6, showed that the maximum deviation of the optical sensor system, compared to the 

ground truth, was approximately 2.5°, for angles less than or equal to 55°. The overwhelming 

majority of points on the plot are positive, which shows that the optical sensor underestimated 

the angles, based on the definition of difference. This might also be due to the inherent error in 

the sensor. The path error reported on the datasheet was given as a percentage, but the direction 

of the deviation is not reported, therefore this could be a reason for the underestimation shown in 

this bench test. There is no visible distinction in the performance for the slow and fast speeds, 

therefore one speed does not have advantages over the other. 

The repeatability plot of difference between the optical sensor and goniometer values, 

Figure 7, displayed that magnitude of the difference increased as the repetitions increased. 

Compared to the maximum difference from the first test, when the sensor was zeroed and only 

one motion was performed, the repeatability test resulted in a final difference with larger 

magnitude. This shows the effect of collecting data without zeroing the sensor. The raw data 

plot, Figure 8, shows the drifting nature of the sensor during repetitive motions. The small error 

shown in the Rotation With Sensor Zeroing bench test is one factor that contributes to the 

increase in difference as repetition number increases. The optical sensor system values are not 

offset from the ground truth at a constant value, therefore random error must also be a 

component of the accumulation. It is hypothesized that the random error contributed to the 

drifting shown in Figure 8. Also, because the summation of the count values is the equivalent of 

integration, the drifting witnessed is due to integration’s inherent error accumulation of rounding, 

truncation, and instability errors [40]. This test shows that the sensor has a low level of 
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repeatability. In comparison, an ideal sensor would have a high level of repeatability with a 

difference between the sensor and ground truth values of 0 or a very small difference, for infinite 

repetitions.  

2.7 Limitations 

The bench test setup was an idealized situation because the optical sensor maintained the 

required distance from the moving surface and the rotating object had a uniform and constant 

radius. The uniform and constant radius allowed Equations 2 and 3 to be implemented, in order 

to calculate degrees. Modifications were required to implement the system for the intended 

application of prosthetic wrist control for an able-bodied individual. The degrees rotated can no 

longer be calculated using the arc length equations, considering the forearm does not have a 

uniform and constant radius. Another limitation is the low repeatability of the sensor because of 

the sensor drift (due to accumulation of integration errors). The bench test apparatus also 

introduced limitations. The digital goniometer of the bench test apparatus only allowed for 

discrete measurements to be reported. In addition, rotation of the tube by hand created difficulty 

for rotation at a constant speed and reaching the desired angles precisely. 

2.8 Future Work 

2.8.1 Bench Test Apparatus Improvements 

A motor with a rotary encoder could be implemented to eliminate rotation by hand and to 

replace the digital goniometer. The motor would allow the tube to be rotated at a constant and 

known speed and would increase rotation accuracy. The rotary encoder would provide the 

continuous position of the tube, in comparison to the discrete values from the goniometer.  
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2.8.2 Optical Sensor System Improvements 

Improvements to the system include correcting the offset of the optical sensor. The 

difference between the optical sensor angle measurements and the ground truth is linear, Figure 

6, therefore, a correction could be implemented to adjust the optical sensor measurements to be 

equal or close to the ground truth values. This would only be applicable for an application of the 

optical sensor system where the rotation could be validated with a ground truth value. For 

example, the bench test apparatus that used a goniometer for the ground truth value. 

Additionally, different resolution settings could be tested to determine if accuracy changes with 

resolution.  

2.8.3 Eliminating Sensor Drift 

Errors are introduced when integrating velocity to obtain position, which accumulate to 

cause the drifting. Sensor drift from integration error is a common issue and other researchers 

have also identified drifting when using an optical mouse sensor for position estimation [41]. A 

few potential methods for removing the effects of sensor drift include Kalman filters, adaptive 

filters, zero velocity update, and setting a known position to zero. 

One previous approach of eliminating sensor drift was through the application of a 

Kalman filter. A Kalman filter estimates the instantaneous state of a linear dynamic system that 

has a disturbance due to noise. It uses the current state of the system as well as statistical 

representation of all past measurements and random perturbations [42]. Kalman filters have also 

been implemented for inertial sensors, which are also subject to drifting due to integration errors. 

Methods included correcting drift with a Kalman filter during calibration [43] and a modified 

Kalman filter that implements adaptive filter weights [44]. Research has also been completed to 

minimize the drift experienced when calculating position from double integration of acceleration, 
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for an inertial measurement unit. This work implemented a Kalman filter in conjunction with an 

algorithm that restricted integration to instances when there was movement [45]. Kalman 

filtering has also been used to correct drift experienced by humidity sensors [46]. 

Adaptive filters have been implemented in conjunction with Kalman filters, as previously 

mentioned, and as a technique on their own. Adaptive filters adjust parameters to achieve the 

target value or goal. They use the output error of the filter and correlate it with the filter input 

signals. This result is then used in a recursive equation to modify the filter coefficients [47]. This 

filter type is implemented when system specifications are unknown or when a time-invariant 

filter does not accomplish the desired response [48]. Research on position estimation from 

inertial measuring units have employed two modified algorithms (Weighted Fourier Linear 

Combiner and Bandlimited Multiple-Fourier Linear Combiner) to eliminate drift [49]. Work has 

also been done to investigate the effects of various adaptive filters to minimize sensor drift of 

inertial sensors used to track movement of the lower body. The adaptive filter methods analyzed, 

that did not involve Kalman filters, were normalized least mean squares and recursive-least 

squares [44]. 

Zero velocity update resets the velocity error during occurrences of zero velocity of the 

sensor [50]. Zero velocity updates are typically incorporated in foot-mounted inertial navigation 

estimation to reduce velocity and therefore, position and orientation estimations [50], [51]. 

Research has also been completed for utilizing zero velocity update for navigation using a 

smartphone in place of a foot mounted sensor [52]. This method of reducing drift could possibly 

be applied to the optical sensor system to reduce sensor drift.  

The zeroing feature of the optical sensor system could be modified by setting a specific 

position to be zero. This could be done using the current setup or sensor fusion. The current 
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setup could be modified to set the position to zero when a line, of contrasting color to the skin, is 

in view. The optical sensor currently uses the proprietary algorithm for output of displacement; 

however, the raw data could be acquired and an algorithm could be developed to identify the 

zero line, similar to [53]. Another option would be sensor fusion, which would preserve the 

current method of quantifying rotation. Another optical sensor could be added to detect a zero 

line instead of repurposing a single optical sensor to determine displacement and the zero line. 

Additionally, a gyroscope could be integrated into the system and used to inform the optical 

sensor when it should zero the position. 

2.9 Conclusion 

An optical sensor system was created using an optical chip, designed for a gaming 

mouse, and an Arduino Leonardo. A bench test apparatus was fabricated to allow for rotation of 

a tube, while restricting horizontal and vertical motion. The apparatus measured the rotation of 

the tube with a digital goniometer and the Optical Sensor System (OSS). The angles of the 

goniometer were compared with the angles calculated by the OSS for one motion with zeroing 

and for repeated motions without zeroing. The results of the test with zeroing shows that the 

sensor is able to measure the rotation within an acceptable range of the actual angle of rotation, 

whereas the repetition test shows that the difference between the OSS and goniometer increases 

as the repetition number increases. Even though the sensor does not have high repeatability, the 

goal of creating an optical sensor system which can quantify rotation was accomplished. The 

drifting nature of the sensor was accounted for in the development of the control system for the 

prosthesis. 
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CHAPTER 3: Aim 2 – Optical Sensor System Evaluation for Prosthetic Wrist Control 

3.1 Introduction 

This chapter discusses the implementation and evaluation of the optical sensor system for 

wrist rotation control of an upper limb prosthesis. The mechanical, hardware, and control design 

will be discussed as well as the experimental evaluation. Experimentation will compare the 

optical sensor system control to direct control, for able-bodied individuals using a prosthetic arm 

mounted to an adapter.   

3.2 Mechanical Design 

An able-bodied prosthesis adapter, previously designed and fabricated by another 

Neuromuscular Rehabilitation Engineering Lab member, was utilized for the evaluation of the 

optical sensor system. This adapter allows an able-bodied individual to use their right hand to 

control an upper limb prothesis. The adapter is a typical arm orthosis, to which the prosthetic 

hand and necessary hardware is mounted. The upper limb prosthesis used for this project was the 

Utah Arm (note: may be a different version than the one cited) [54]. A socket for an able-bodied 

individual, such as those implemented in [55]–[57]were not chosen because sockets need to be 

custom made to fit the user; this would not allow for testing of multiple individuals. Also, wrist 

flexion and extension must be able to be performed and a few of these designs restrict wrist 

flexion and extension movement. 

A mounting system was designed in Solidworks for use of the Optical Sensor System 

(OSS) with the adapter, Figure 9. The OSS required the moving surface to be a set distance, 3 

mm, away from the lens. Additionally, considering arm size is variable across individuals, the 

distance from the adapter to the desired placement of the sensor was required to be adjustable. 

The proper placement of the sensor in the proximal/distal direction was vital because the amount 
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of rotation of the arm, and thus the range of the sensor, changes along the forearm. To meet these 

requirements, a 3 degrees of freedom adjustable mount was designed, consisting of four 3D 

printed parts. The 3 DOF for adjustment were in the proximal-distal, vertical, and horizontal 

directions.  

 
 

a) b) 
Figure 9: Solidworks Model for Sensor Mount and Adjusters for Able-Bodied Prosthesis Adapter. a) inner view b) 

outer view. 

The four 3D printed parts designed using Solidworks were the sensor mount and 

horizontal, vertical, and proximal/distal adjusters. To ensure the specifications of lens distance 

from the surface and lens viewing hole dimensions were met for the sensor mount, the 

PMW3360 sensor datasheet was referenced [35]. The optical sensor had an integrated PCB with 

mounting holes, which were used to secure the sensor to the mount. The bottom of the sensor 

mount was slightly curved to fit the curved surface of the forearm. An opening was integrated 

into this part to allow an elastic strap to go around the forearm and mount; it was used to aid in 

maintaining the required distance from the sensor. The last feature was a small slot created for a 

zip tie to pass through and provide strain relief for the sensor wires. The horizontal, vertical, and 

proximal/distal adjusters allowed approximately 34, 78, and 93 mm of movement, respectively. 

The proximal/distal adjuster was mounted onto the able-bodied adapter using the slotted holes 

that allowed for extension and shortening of the orthosis. Through testing the mount system, it 
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was determined that the vertical adapter should be allowed to move freely, instead of restricted to 

a set height, so that it moved up and down when the arm rotated. The top bolt was removed so 

that the horizontal adjuster, and consequently the sensor mount, could tilt to lie along the arm. 

The complete setup for a participant is shown in Figure 10.   

    
a) 

 
b) 

Figure 10: Able-Bodied Prosthesis Adapter Setup for Participant. a) inner view b) outer view. 

 
3.3 Control Development 

3.3.1 Overview 

In comparison to the bench test, which was an idealized situation with an object that had 

a uniform and know radius, the radius of the forearm is not uniform. Therefore, the calculation 
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for rotation used in the bench test could not be used for this application. Instead of converting the 

count values to degrees rotated, the raw count value was used. The control for the prosthesis was 

developed in MATLAB. The optical sensor system was used to control wrist pronation and 

supination of the prosthesis and two EMG electrode signals controlled the hand open and close 

motions. Both degrees of freedom utilized proportional velocity control. The wrist motor 

experienced velocity proportional to the position of the forearm and the grasp motor had velocity 

proportional to the magnitudes of the EMG signals. An additional feature was a lift status LED. 

This LED was on when the sensor was too far away from the skin and off when the distance 

between the skin and sensor was equal to or less than 3mm. This feature assisted in determining 

the optimal placement of the optical sensor. 

3.3.2 Wrist Rotation Control 

The control development focus was on the wrist rotation control, which utilized open 

loop proportional control. The Arduino retrieved the x displacement value, or count, 

continuously from the optical sensor at a sampling rate of approximately 667 Hz. MATLAB 

polled the Arduino’s continuous count output at a frequency of 50 Hz; this was accomplished 

through serial communication. Clockwise motion of the forearm (from the user’s point of view), 

or supination, produced a negative count value and counterclockwise motion, or pronation, 

resulted in a positive value. The count value was treated as a change in position, or velocity, and 

an adjustable deadband was applied to prevent the rotation of the prosthetic wrist for very small 

movements of the forearm. This change in position value was accumulated to estimate the 

position of the forearm. 

Based on the position value, a decision was made to pronate or supinate the prosthetic 

wrist or stop the motion/remain stationary. When the position was greater than an upper 
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threshold, the wrist pronated; when it was less than a lower threshold, the wrist supinated; and 

when it was between the two thresholds, the rotation stopped. The velocity of the rotation was 

proportional to the position of the forearm. Within this decision, during supination and pronation, 

if there was a quick motion back to the neutral position, the wrist motor stopped and the sensor 

was zeroed. The neutral position was 90° between supination and pronation. 

Then the position value was multiplied by a gain to create a voltage. This voltage was 

added to a base voltage, the minimum voltage required for motor movement, and then applied 

directly to the wrist motor. The OSS control method utilized the human in the loop method; 

through visual and proprioceptive feedback, the user was able to close the loop and control the 

prosthesis as desired. A diagram of the control loop for the wrist rotation control is shown in 

Figure 11. 

 
Figure 11: Wrist Rotation Control Block Diagram. Green blocks show the inputs and outputs to the system. Blue 

blocks show operations or constant values. Yellow blocks show decisions. 

3.3.2.1 Recalibration 

A recalibration decision was implemented to eliminate the effects of sensor drift shown 

in Aim 1. Within this decision, during pronation or supination, when a quick motion back to the 

neutral position was made, the sensor was zeroed and the wrist control was paused for a set 
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amount of time. For pronation, the recalibration was triggered when a clockwise motion, with a 

change in position less than the pronation switch threshold, was made. For supination, a 

counterclockwise motion that created a change in position greater than a supination switch 

threshold triggered the recalibration. The wrist control was paused for a set amount of time, 

causing the wrist motion of the prosthesis to be stationary, to allow the participant to rotate their 

arm back to the neutral position. Zeroing the sensor consisted of setting the position back to 0.  

This recalibration method was chosen because it was a simple way to allow the user to 

recalibrate the sensor. Recalibration was necessary because of the sensor drift, shown by the 

Repeated Rotation Without Sensor Zeroing bench test in Section 2.5. Without the ability to zero 

the position, the wrist would sometimes remain in one state even when the user performed wrist 

rotation to change the state, due to the drift of the position variable. For example, without the 

zeroing function, the sensor could drift enough and inhibit the ability to obtain a position value 

greater than the upper threshold, therefore restricting pronation of the wrist prosthesis and 

causing it to remain in the supination state.  

3.3.3 Grasp Control 

The grasp DOF was controlled using EMG electrodes. EMG electrodes were placed on 

the muscle bellies of the extensor digitorum and flexor digitorum; these placements were chosen 

based on the placements used in [3]. The movement of wrist extension caused the prosthetic 

hand to open and wrist flexion caused it to close. These motions were used because they did not 

require a complex technique for processing the EMG signals and because they are the motions 

typically used for direct control. The EMG signals were continuously polled and a moving 

average with a window size of 200 was implemented. Gains were applied to both EMG signals 

and the larger of the two was determined. When the signal had a magnitude smaller than the 
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lower threshold, the prosthetic hand would open, and it would close when the signal was larger 

than an upper threshold. No motion occurred if the larger signal was within the threshold; this 

prevented small muscle activations from causing motion. The speed of the opening or closing 

motion was proportional to the signal magnitude. 

3.3.4 Control Parameters 

Control parameters pertaining to real-time control, the optical sensor system, and the 

EMG signals were adjustable inside a Graphical User Interface (GUI), Figure 12. The following 

parameters remained at the default values (values shown in the GUI figure) for all participants: 

Output Frequency, Velocity Deadband, Disable Wrist Time, EMG Window Size, Use Grasp 

Threshold. 

 
Figure 12: Graphical User Interface for Optical Sensor System Control 

3.3.5 Comparison to Direct Control 

In summary, the wrist DOF control for the optical sensor system required the user to 

supinate and pronate their wrist and perform a quick motion in the opposite direction to zero the 

position. The grasp DOF for the optical sensor system was controlled by wrist flexion and 
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extension movements. In comparison, direct control utilized wrist flexion and extension for 

control of both the grasp and wrist DOF and a co-contraction of the muscles allowed the user to 

switch between the degrees of freedom. The direct control method utilized was previously 

developed in part by members of the Neuromuscular Rehabilitation Engineering Lab; 

information about this method of control is shown in [3], [7]. The same electrode placements 

were utilized for both control methods. The required movements for optical sensor system 

control and direct control are shown in Table 2.  
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Table 2: Arm Movements for Optical Sensor System Control and Direct Control 

Prosthesis Movements Optical Sensor System Control 
Arm Movements Direct Control Arm Movements 

 
Open 

 
Extend Hand at Wrist 

Mode 1 

 
Extend Hand at Wrist 

 
Closed  

Flex Hand at Wrist 
 

Flex Hand at Wrist 

Mode Change Not Applicable  
Power Grip to Switch Between 

Modes 

 
Supinate (Rotate Clockwise) 

 
Supinate Hand 

Mode 2 

 
Extend Hand at Wrist 

Prohibit Motion for Set Time and 
Zero Sensor 

Quick Motion in Opposite 
Direction Not Applicable 

 
Pronate (Rotate 

Counterclockwise) 
 

Pronate Hand  
Flex Hand at Wrist 

Prohibit Motion for Set Time and 
Zero Sensor 

Quick Motion in Opposite 
Direction Not Applicable 

 

3.4 Methods 

The EMG signals were amplified by the Motion Lab Systems EMG Preamplifier and 

then sent to a laptop using the Measurement Computing Data and Acquisition (DAQ) Board 1. 

The arm rotation was quantified using the optical sensor, whose signal was sent to the laptop 
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from the Arduino. The data were then processed using MATLAB and the output voltages were 

sent to the Measurement Computing DAQ Board 2. From there the voltages were sent to the 

motors on the Utah Arm Prosthesis. A diagram of the hardware setup is shown in Figure 13. 

 
Figure 13: Optical Sensor System and Direct Control Hardware Setup. The dotted lines represent the hardware 

required for only the OSS Control. The black text shows the names of devices and the blue text shows the names of 
the signals. 

This study was conducted with the approval of the Institutional Review Board (IRB) at 

the University of North Carolina at Chapel Hill (UNC) and informed consent was obtained from 

all participants. The IRB was at UNC instead of North Carolina State University (NC State) 

because the Neuromuscular Rehabilitation Engineering Lab, where this study was conducted, is 

part of the Joint Biomedical Engineering Department of UNC and NC State. Six able-bodied 

individuals, 2 females and 4 males, ranging in age from 22 to 45 years old, completed a 

functional task for both the developed optical sensor system (OSS) control and direct control 

from [3], [7]. 
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The clothespin relocation task (CRT) was chosen to evaluate the performance of the OSS 

control and direct control, Figure 14. The task completed using the CRT was moving three 

clothespins from the middle horizontal bar to the vertical bar and back, as fast as possible for two 

minutes. It was chosen because it required wrist rotation from 0 to 90°. The CRT platform has 

also been used in studies that compared methods of upper limb control [7] and this particular 

functional task has also been used in research evaluating upper limb control techniques [2], [3], 

[58]. During the task, if a clothespin was dropped on the table the participant would place it back 

on the bar that that they had been moving it from, using their left hand. If the clothespin dropped 

on the floor, the researcher would place it back on the table. Moreover, if the two plastic parts of 

the clothespin broke away from the metal spring, the researcher would reassemble it and then 

place it on the table. The participant was allowed to reorient the clothespins using their left hand 

and could start the trials with the prosthesis in any desired orientation. Five trials of each control 

method were completed by each participant. The order of control methods was randomized; three 

participants tested with optical sensor system control first and three tested with direct control 

first. 

 
Figure 14: Clothespin Relocation Task 

The EMG electrodes were placed on the muscle bellies of the extensor digitorum and 

flexor digitorum and then the signals were observed at the beginning of each participant’s 

session. The EMG preamplifier was tuned to ensure the EMG signals had magnitudes of 
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approximately 5V. For both control methods, the required motions were explained to the 

participants. Finally, the participant donned the adapter and the thresholds and parameters were 

tuned until the control performed as intended. 

For the optical sensor system, the sensor setup was completed first. The adjusters were 

shifted so that the sensor mount rested on the participant’s skin and to be certain it was at a 

proximal/distal position that had enough rotation movement of the forearm. The adapter’s wrist 

strap was loosened so full movements of pronation and supination were able to be performed and 

so that the forearm’s motion was not restricted. The optical sensor strap was then fastened 

loosely. Following that, the participant was instructed to pronate and supinate their arm while the 

lift status LED was monitored. Adjustments were made based on the state of the LED. Next, the 

threshold values and gains were tuned for the grasp DOF, to ensure the prosthetic hand could be 

opened and closed with ease and to be certain crosstalk from pronation and supination did not 

cause the hand to open or close. To tune the wrist DOF, the participant was asked to perform 

pronation and supination motions, starting at the neutral position, while the position values were 

monitored. Position value thresholds were chosen by the researcher and then the user attempted 

to control the prosthesis. Parameters were then tuned based on feedback from the participant. For 

direct control, threshold values were tuned so that wrist flexion and extension was comfortable, 

and it was ensured that the switching function operated well. For both control techniques, 

participants were allowed to rest as needed.  

After the control was finalized, the participants were given five minutes to practice using 

the control to perform the task. If rest was required during the practice time, the timer was 

paused. Then the participant performed five trials of moving clothespins, with two minutes for 

each trial. Rest was allowed between trials. After the first control type, participants were asked to 
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fill out a questionnaire regarding the performance of the prosthesis and a form that rated their 

satisfaction of the control method. The satisfaction form used was the Trinity Amputations and 

Prosthetics Experience Satisfaction Scale form, [59]. After testing was completed for the first 

control method, the tuning, practice session, experimental trials, and questionnaires were 

completed with the second control type.  

The questions asked in the questionnaire were the following:1) Please describe the 

current ease or difficulty of controlling the motion of the virtual hand/prosthesis hand with the 

test controller. 2) Does the virtual hand/prosthesis hand move in the way that you want? If not, 

please describe how it is not moving in the way that you want. 3) What other movements or 

capabilities do you wish the test controller could provide? The satisfaction form asked the 

participants to rate the following items on a scale from 1 to 5: color, shape, noise, appearance, 

weight, usefulness, reliability, fit, comfort, and overall satisfaction. The definition of each scale 

level was the following: 1 - Very Dissatisfied, 2 - Dissatisfied, 3 - Neither Dissatisfied nor 

Satisfied, 4 - Satisfied, 5 - Very Satisfied. 

3.5 Data Processing 

Video recordings of the trials were used to count the number of clothespins successfully 

moved and were recorded in Excel. MATLAB was used to calculate and plot the average number 

of clothespins moved and the maximum number of clothespins moved for each control type, for 

each participant. The satisfaction ratings for Usefulness, Reliability, and Overall Satisfaction 

were also plotted to compare the two control methods. The order of control was indicated on 

each plot.  

 

 



   

43 
 

3.6 Statistical Analysis 

A paired sample t-test, with a 5% significance level, was performed to determine if the 

difference of the average number of clothespins moved for the two control methods was 

statistically significant, across all participants. MATLAB’s function ttest was used to perform the 

paired sample t-test [60].The null hypothesis stated that the dataset was a normal distribution 

with a mean of 0 and unknown variance. The difference was defined as the average number of 

clothespins moved for optical sensor system control minus that of direct control.  

3.7 Results 

The average number of clothespins moved across all participants for optical sensor 

system (OSS) control and direct control (DC) were 8.93 and 9.03, respectively. Two participants 

had a higher average number of clothespins moved for OSS control compared to DC, whereas 

four participants had higher averages for DC, Figure 15. The results of the t-test across all 

participants resulted in a failure to reject the null hypothesis. The maximum number of 

clothespins moved ranged from 10 to 16 for optical sensor system control and from 4 to 16 for 

direct control. Two participants had equal maximum values for both control modes and four 

participants had higher maximum values for OSS control compared to DC. 
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Figure 15: Boxplot of the Number of Clothespins Moved for 5 Trials. The boxplot shows the range and the cross 
shows the average number of clothespins moved across the 5 trials. The outlier is shown as a circle. The type of 

control tested first is denoted by a square above the bar, for each participant. 

 

The highest and lowest ratings given for Usefulness, Reliability, and Overall Satisfaction 

were 4 and 2, respectively, Figure 16. For Usefulness, four participants rated both control types 

at the same level, one participant rated DC higher than OSS, and one rated OSS higher than DC. 

For Reliability, four participants rated both control types at the same level. The other two 

participants rated DC higher than OSS. For Overall Satisfaction, four participants rated both 

control types at the same level, one participant rated DC higher than OSS, and one rated OSS 

higher than DC. 
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Figure 16: Satisfaction Ratings. The type of control tested first is denoted by a square above the bar, for each 

participant. 

The participants’ answers to the questionnaire that asked about the performance of the 

prosthesis are shown in Appendix A. 

3.8 Discussion 

Only two out of four participants achieved a higher average number of clothespins moved 

for optical sensor system (OSS) control compared to direct control (DC). This shows that the 

current OSS control does not have better performance than direct control, a conventional and 

accepted method of upper limb prosthesis control. There is no apparent correlation between the 

order of control and the average number of clothespins moved. The failure to reject the null 

hypothesis shows that a conclusion cannot be drawn about whether or not the difference between 

the average number of clothespins for the two control methods has a mean of 0.  

The maximum number of clothespins moved using OSS control was equal to or greater 

than the maximum number for direct control, for all participants. This shows that OSS control 
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has the potential for performance superior to that of direct control. Considering the maximum 

values for OSS control are equal to or greater than those of direct control and most of the average 

values for OSS control are smaller than that of DC, it can be inferred that the optical sensor 

system does not have consistent performance. Lastly, there is no apparent correlation between 

the order of control and the maximum number of clothespins moved. 

The satisfaction ratings do not show an overwhelming favor for either type of control. It 

can be inferred that for the majority of participants, they were not overly satisfied with one type 

of control compared to the other. There is also no apparent correlation between the order of 

control and any of the satisfaction ratings.  

The average and maximum number of clothespins was variable across participants due to 

inherent differences. For instance, hand-eye coordination varies across people based on age or 

sports that they play [61], [62]. Upper body strength also differs, which may have allowed 

participants with greater upper body strength to have better performance, considering that the 

adapter was heavy. Arm size, shape, and length may have also affected the results. For example, 

one participant had a slightly protruding vein that caused the sensor to move away from the arm 

during rotation. Another component is the various levels of experience the participants had in 

controlling an upper limb prosthesis. Two main elements that may have contributed to the low 

performance of the optical sensor system was the proper placement of the optical sensor and the 

control method. The predominate challenges for optical sensor system control were the 

adjustments of the adapter and the zeroing function.  

The location of the optical sensor on the arm and the adjustments of the able-bodied 

prosthesis adapter are crucial for good performance. The fit of the wrist support strap was crucial 

for performance because if too tight, rotation of the forearm would be minimal. However, a 
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balance between a freely moving wrist and the participant’s comfort was required. Some 

participants had small position threshold values and a tight wrist strap could have been a factor. 

The position threshold ranges are shown in Appendix B. 

One of the goals for the development of this device was to create a control that 

incorporated more intuitive motions, in comparison to direct control. This was accomplished; 

however, the motions did not perfectly mimic pronation, supination, hand open, and hand close. 

For grasp control, flexion and extension motions do not directly relate to the prosthetic hand 

closing and opening. Considering the aims of this work revolved around the optical sensor 

system control, the grasp control was not an area of focus. For the wrist control, the most 

unintuitive motion was the zeroing function, because it is not natural to make a motion in the 

direction opposite to the current rotation of the prosthesis, in order to stop the wrist from 

rotating. Participants did not perform wrist rotation and hand open or close simultaneously, 

which may have been because of the slightly unintuitive zeroing motion or because of the motion 

required for hand open/close. For the zeroing function, the difficulty was due to instances when 

the sensor zeroed at a position other than the neutral position. For example, if the quick motion 

was performed and the position of the arm was partially pronated when the sensor zeroed, then 

pronating as much as physiologically possible might not create a position value larger than the 

threshold for pronation. This would result in the prosthesis not being able to perform the 

pronation movement. It also seemed that some participants had difficulty in remembering that 

the wrist motor control was paused for a set amount of time after the quick motion, which 

resulted in them continuing to rotate their arm for the next desired motion and ultimately the 

position was zeroed at an undesired position. 
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The main takeaways from the participants’ responses to the questionnaire were that the 

optical sensor system control (OSS) worked marginally well and that the main issue was due to 

the zeroing function. For direct control (DC), participants mainly had difficulty with the 

switching function. For Question 1, regarding ease and difficulty of the control, participants 

noted that for OSS control the wrist DOF was sometimes unreliable. For DC, participants 

reported that it was occasionally difficult to switch between the modes. There were also 

responses alluding to cognitive load, such as “Switching mode requires time to get used to it” 

and “I need to think more compared to the other control”. This shows that there is potential that 

direct control may require more cognitive effort than optical sensor system control. 

Question 2 asked if the prosthesis moved in the way the participant wanted it to. The 

majority of participants responded yes for both types of control. For OSS control, two of the 

comments were “Sometimes rotation overshoots a little bit” and “The optical sensor was great 

when it worked, but occasionally got stuck in a loop that was difficult to correct.” Overall, the 

responses for OSS control validated the feasibility of using an optical sensor for wrist rotation 

control. For DC, three participants had replies saying that the switching was difficult.  

The 3rd Question prompted the participants to explain any additional capabilities they 

would like the prosthesis to have. Half of the participants had no feedback for either control type. 

Two participants gave responses for OSS control that related to the control method. They wanted 

a more reliable wrist rotation control and a more reliable neutral wrist position. For direct 

control, one participant responded that they would like the control for hand open and close of the 

prosthesis to more closely mimic the expected motion of the prosthesis, instead of using flexion 

and extension of the wrist. 
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3.9 Limitations 

The first limitation from implementation of the optical sensor system on able-bodied 

participants is maintaining the required distance from the plane of the lens to the surface of the 

arm. The main factor responsible for this is that the sensor is being used for an application it was 

not designed for. A secondary component is the design of the 3D printed mounts; modifications 

could be implemented to improve the contact with the skin. The second limitation is the drifting 

nature of the optical sensor, due to accumulation of integration errors. This inhibited the ability 

to implement velocity control without a zeroing function or implementation of position control. 

Implementation for the intended population of upper limb prostheses brings up additional 

limitations. The system was evaluated only for able-bodied individuals, so the feasibility of 

amputees using the system is unknown. The biggest difference between these two populations, in 

terms of the optical sensor system control, is the wrist range of motion. While able-bodied 

individuals have over 180° of wrist rotation, amputees have a minuscule range of motion in 

comparison. The range of motion for amputees is dependent on their level of amputation and 

ability to rotate the forearm. This system may only be applicable to transradial amputees and not 

transhumeral amputees. In addition, the socket, which is the mechanical interface between the 

residual limb and the prosthetic device, will cause challenges as well. The socket must not 

completely inhibit the ability for the residual limb to rotate, however, it must still be comfortable 

and be able to hold the weight of the prosthesis. The optical sensor must also be integrated into 

the socket, which poses its own difficulties because of the requirement to maintain a small 

distance between the sensor and skin. 
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3.10 Future Work 

Future work for Aim 2 falls into three categories: improvement of the optical sensor 

system, additional evaluation of the optical sensor system, and implementation of the optical 

sensor system for an upper limb amputee. 

3.10.1 Improvement of the Optical Sensor System 

The optical sensor system’s improvement can be broken down further into three areas: 

mechanical, hardware, and control method. Modifications could be implemented to revise the 

attachment method of the optical sensor to the able-bodied prosthesis adapter. A minor change 

would be to introduce an additional degree of freedom to allow for tilt adjustment, so that the 

sensor could lie flat against the arm. This would replace the current solution of the removal of 

the vertical adjuster’s top bolt and would increase mechanical robustness. A major improvement 

could be made to the method of maintaining contact between the sensor plane and the skin. One 

possible solution is introducing a spring to provide small pressure on the sensor, to push it 

against the skin. The implementation of a spring would replace the elastic strap currently being 

used to hold the sensor against the skin.  

Hardware improvement would involve choosing an optical sensor with a larger operating 

distance that would allow the skin surface to be further away from the sensor. A sensor with a 

larger operating distance might not require the sensor to maintain contact with the skin 

continuously and could allow the sensor to be placed away from the surface of the skin. Two 

possible sensors include the PAA5100JEQ: Optical Tracking Chip, with an operating distance 

ranging from 15 to 35mm, [63], and PAT9130EW-TKMT: Optical Tracking Miniature Chip, 

with an operating distance ranging from approximately 20 to 40mm, [64]. It is important to note 

that these sensors are standalone chips and would need to be integrated into a PCB.  
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The control algorithm could be also be improved. The sampling time of the optical sensor 

could be adjusted to match the 50 Hz frequency of the control output. The current system 

updates the count value at approximately 667 Hz; considering that the count value is cleared 

each time it is read, the current system is losing rotation data. Instead, the count value should 

only be read when MATLAB polls the Arduino. Alternatively, the sampling rate for the optical 

sensor could remain at 667 Hz if the count values were accumulated and that value was outputted 

to MATLAB as the position. The second minor change would be to determine the optimal 

resolution value. The current system uses the default resolution of 5,000 counts per inch (CPI), 

however it can increase up to 12,000 CPI. An increase in the resolution could potentially 

improve performance, specifically for individuals with low position threshold values. The major 

changes that could be made to the control method involve making the system more intuitive. 

First, the hand open/close motion of the prosthesis could be controlled with the opening and 

closing of the able-bodied individual’s hand, instead of extension and flexion at the wrist. 

Second, the quick motion feature for zeroing could be removed. In order for this to be removed, 

the sensor drift would need to be eliminated. Section 2.8.3 explains possible routes for drift 

correction. Drift correction may enable the system to use position control, which would directly 

map the position of the forearm to the position of the prosthetic wrist. Improvement of the 

control algorithm should increase the robustness of the system to allow for ease of simultaneous 

control.  

3.10.2 Additional Evaluation of the Optical Sensor System 

The positioning of the optical sensor in the proximal/distal direction could be evaluated 

to determine if the performance increases as the position becomes more distal. After the 

improvements have been made to the optical sensor system, its performance should be evaluated 
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again by comparing with current upper limb control techniques, such as direct control. The 

sensor system could also be evaluated, using a method similar to the testing in [2], [3], [58]  to 

determine if it requires less cognitive load than other control methods. 

3.3.2.1 Implementation of the Optical Sensor System for Upper Limb Amputees 

  The final process would be to implement the system for the intended population of 

transradial amputees and evaluate the feasibility. As previously discussed, for an upper limb 

amputee, the optical sensor would measure the relative displacement between the socket and 

residual limb, Figure 17. The quantification of this movement would be used as the control input 

to the prosthetic wrist. The first step would be to design and integrate an optical sensor into an 

amputee’s socket. This would most likely require a socket custom made for this application. One 

possible design would be to make the proximal section of the socket tight fitting and the distal 

side loose. This would allow the distal part of the residual limb to move while still preventing the 

socket, and therefore the prosthesis, from slipping off the residual limb. Testing should then be 

done to evaluate the feasibility and performance.  

 
Figure 17: Optical Sensor System Setup for Transradial Amputees 

3.11 Conclusion 

The problem identified was that pattern recognition is not robust enough to overcome all 

EMG signal fluctuations, such as electrode shift, impedance changes, and fatigue. The solution 



   

53 
 

was to implement an off-the-shelf optical sensor to quantify forearm motion and use it as a 

control input for prosthetic wrist rotation control. The developed optical sensor system control 

for wrist rotation of a prosthesis shows potential to become a method of control better than 

conventional direct control. Also, it shows that rotation control of a prosthesis using an optical 

sensor is feasible. The aim of evaluating the OSS for wrist rotation control of a prosthesis, using 

an able-bodied adapter, was accomplished. The impact is the development of a novel prosthetic 

wrist rotation control system to be used in place of EMG electrodes for the wrist DOF. 

Additionally, the system has the potential to allow for simultaneous control of 2 DOF, which 

more closely mimics wrist rotation of an intact limb. 
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Appendix A – Responses to Questionnaire 

Table 3: Responses to Question 1 

Participant Question 1: Please describe the current ease or difficulty of controlling the 
motion of the virtual hand/prosthesis hand with the test controller. 

 OSS DC 
1 Open and close is easy, optical sensor 

zeroing wasn't always used for 
supination and pronation control, 
instead just moved in one direction 
(used current direction and waited 
until it rotated). 

Switching mode requires time to get 
used to it. 

2 Satisfaction Level 6.5 to 7 out of 10. Satisfaction Level: 7/10. 
3 Good, requires training 10 - 15 

minutes. 
I need to think more compared to the 
other control. 

4 Sometimes wrist rotation control 
could not be triggered. Sometimes 
wrist rotation is triggered 
unintentionally by wrist motion. 

Difficult to switch DOF. 

5 Pretty good in terms of rotation, 
sometimes doesn't open all the way for 
extension. 

Easy to stop/start rotation, a little 
difficult to switch from open/close to 
rotation sometimes. 

6 Zeroing the optical sensor was more 
difficult than the actual task. 

Reliably switching between modes is 
most difficult part. 
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Table 4: Responses to Question 2 
 

Participant Question 2: Does the virtual hand/prosthesis hand move in the way that you 
want? If not, please describe how it is not moving in the way that you want. 

 OSS DC 
1 Yes. Yes. 
2 Except for some glitches it was okay. 

Sometimes rotating when it wasn't 
supposed to and not being able to get 
to mode easily. 

It does. 
 

3 It does. Yes, it does. 
4 Most times it works. I'm too busy 

conducting task to notice whether it 
follows my expectation, but it has 360 
degree range of motion so I'm ok with 
it. 

Always think I can switch, then 
makes me confused when it doesn't 
switch. Have to do small motion to 
check if it is switched. 

5 Sometimes doesn't open all the way. 
Sometimes rotation overshoots a little 
bit. 

Yes, for the most part, only hiccup 
was switching motors on occasion. 
 

6 The optical sensor was great when it 
worked, but occasionally got stuck in 
a loop that was difficult to correct. 

Generally, but same as before, 
sometimes difficult to switch modes. 
 

 

Table 5: Responses to Question 3 
 

Participant Question 3: What other movements or capabilities do you wish the test 
controller could provide? 

 OSS DC 
1 Need more reliable neutral position, so 

that a task like holding a mug will not 
cause the liquid to spill. Control force 
of grasp 

Same as OSS. 
 

2 Flexion/extension. Flexion/extension. 
3 None. None. 
4 More reliable wrist rotation control. 

 
Hand open/close closer to actual 
movement of hand open/close instead 
of wrist flexion/extension. 

5 None. None. 
6 None. None. 
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 Appendix B – Position Thresholds for Optical Sensor System Control 

Figure 18: Position Thresholds for Optical Sensor System Control. Positions above the positive value result in 
pronation, positions below the negative value result in supination, and positions between the two values result in no 

motion. 

 

 

 

 


