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Abstract 

Strength and tone of the pelvic floor muscles are thought to play an important role in pelvic 

floor disorders, and are key outcomes monitored in pelvic floor rehabilitation, yet the standard 

approach to measuring these outcomes is through subjective assessment using manual palpation. 

While intravaginal dynamometers (IVD) have been designed to measure these characteristics in 

research settings, most are not sufficient to withstand the rigors of clinical use.  This work presents 

the bench validation and subsequent updated design of a new mechanical constant speed 

mechanism for future inclusion in an IVD. Opening speeds of the original mechanism were 

validated with and without external loading using video analysis. The bench validation showed 

that the speed of arm opening was lower than the ranges specified for clinical use and was 

influenced by external loading.  The mechanism was updated, and the bench test was repeated.  

The updated mechanism was found to provide output speeds that are within the ranges required 

clinically and were minimally impacted by external loading. The next step of this work is to reduce 

the size of the mechanism and improve output speeds to allow it to be assembled into a clinical 

prototype IVD. 
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Chapter 1. Introduction 

 Pelvic floor (PF) disorders, including stress urinary incontinence (SUI), pelvic organ prolapse 

(POP), and vulvodynia can have a detrimental effect on quality of life in terms of a woman’s 

physical, sexual and social spheres [1], [2]. PF disorders are highly prevalent, with SUI and 

vulvodynia affecting up to 23.7% [3] and 8.3% [4] of women, respectively. POP shows a 

prevalence of 50% through a vaginal exam, with approximately 6% of women being symptomatic 

[5]. Increasing age is a key risk factor for all pelvic floor disorders [3], [4], [6]; while the prevalence 

of SUI and POP peaks in middle age [3], [6], the prevalence of vulvodynia peaks at 70 years of 

age [4]. For the treatment of these conditions, physiotherapy interventions are effective [7]–[11];  

they primarily focus on improving PFM strength and normalizing PFM tone. However, existing 

methods to measure PFM strength and tone are lacking in terms of objectivity, reliability, and 

adequate precision in measurement. 

 There is limited understanding of the root cause of many pelvic floor conditions, but strength 

and tone or stiffness (the resistance of the muscles to passive elongation [12]) of the PF have been 

shown to be important outcomes in the treatment of these conditions [13]–[16]. Physiotherapy 

interventions, which include exercises to improve the strength of the PFMs, lead to improvement 

in the condition in 40-50% of women [7]–[9]. Due to the orientation of the PFMs, which act across 

the vaginal canal, their strength and tone can be measured within the vaginal canal. During 

treatment, a physiotherapist will evaluate PFM strength and tone at an initial assessment, usually 

through palpating with one or two fingers and then will track these properties throughout treatment 

to ensure that the intervention is effective [7], [17].  

 The two most common methods to measure forces generated by the PFMs are vaginal palpation 

and intravaginal manometry. Indeed, assessments currently most often rely on subjective 

impression based on palpation with a single or with two gloved digits inserted into the vagina. The 

inter-rater reliability is poor to fair when using vaginal palpation to measure PFM strength [18], 

[19] and poor to moderate when using vaginal palpation to measure PFM tone [20]. Manometry 

measures an increase in pressure due to volume compression of an air or water-filled chamber 

placed within the vagina and therefore does not provide a direct measure of strength. It can only 

reliably measure “resting tone” as it is heavily affected by changes in intra-abdominal pressure 
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[21] induced by tasks. A better method for physiotherapists to quantify the strength and tone of 

the PFM reliably and validly is dynamometry. 

 Several intravaginal dynamometers have been developed to address the limitations of current 

methods for measuring PFM properties. All dynamometers are capable of measuring PFM 

strength; however, a limited few can additionally measure tone, as most either do not open or do 

not open at a constant, known speed, which is important given the viscoelastic nature of the tissues. 

Intravaginal dynamometers generally have two arms where at least one arm is instrumented with 

a load cell to measure the anterior-posterior forces generated by the PFMs and associated 

connective tissues. Some designs are also capable of measuring forces generated in the 

mediolateral plane but generally, there is little change in these forces [22] during PFM contraction 

because they are not measured in line with the line of action of the muscles [23]. Depending on 

the design, the arms can be instrumented with strain gauges or load cells, and the arms may not 

open at all, may open manually, or may open electromechanically.  

Increasing pelvic floor muscle (PFM) strength and/or decreasing PFM tone are the key foci of 

physiotherapy interventions for pelvic floor disorders in women yet there are limited quantitative 

tools available to measure these properties clinically. Current techniques used by clinicians to 

measure strength and tone are neither valid nor reliable. To evaluate the contributions of PFM 

impairments to pelvic floor disorders and to monitor treatment progress, clinicians need an easy-

to-use and robust device. A constant speed mechanism has been designed to be used in a clinical 

device capable of measuring both the strength and tone of the PFMs while also withstanding the 

rigorous needs of the clinical environment. The purpose of this thesis is to advance the design of 

this mechanism and assess its’ validity through bench testing, with a view to incorporating the 

mechanism into a prototype IVD device. 

1.1. Objectives and Contributions 

While some electromechanical intravaginal dynamometers have been designed to improve the 

validity and reliability of strength and tone measurements, they are often heavily instrumented 

with custom components that are likely too cumbersome for use clinically. As all but two of these 

devices have been designed for a research setting, they require more extensive and complex 
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measurements than those needed clinically, making them too fragile or expensive to be used in the 

clinical setting.  To address these issues, an IVD mechanism designed by Dr. E. Lanteigne was 

simulated and validated in an undergraduate thesis by the same author. This thesis is a continuation 

of this work and has the following four objectives: 

1. The fabrication of a proof-of-concept prototype IVD mechanism to be used in the bench 

testing of the mechanism design. 

2. The development of a realistic kinematic model of the IVD mechanism. This model 

improves upon the original work of Dr. Eric Lanteigne through the inclusion of 

experimental data on damping rate and more accurate spring positioning and dimensions. 

3. The speed validation of the original IVD mechanism design using a rotary damper in two 

configurations. The first configuration includes no loading while in the second 

configuration, the device is loaded with calibration weights. 

4. The improvement of the IVD mechanism design based on the finding of the speed 

validation. A new damper was selected, and the speed validation was repeated on this 

updated design. 

1.2. Thesis Organization  

This thesis describes the design and validation of a mechanism for an intravaginal 

dynamometer device. The organization of this thesis is as follows: Chapter 2 provides a short 

literature survey regarding the relevant anatomy and existing methods for measuring PFM 

properties, as well as a description of IVD requirements. This is followed by an in-depth review 

of intravaginal dynamometers described in both peer-reviewed and grey literature, including their 

advantages, disadvantages, and where available, data regarding measurement properties. Chapter 

3 provides a brief description of the original mechanism design for an intravaginal dynamometer 

including the kinematic model and simulation results. The kinematic model is then advanced with 

the inclusion of measured prototype dimensions. In Chapter 4, results from bench testing of the 

speed output of the original design are described for both loaded and unloaded conditions. The 

focus of this validation was to determine the effects of PFM loading on the opening speed of the 

device and to validate the new simulation. Based on the results of the speed validation and this 

updated kinematic model, the damper was changed to provide speeds that are more consistent with 
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clinical requirements. In Chapter 5 a second loaded and unloaded speed validation is described 

using the new damper. Chapters 6 and 7 provide a discussion and summary of the results of this 

work as well as suggestions for future work.  



5 

 

Chapter 2. Literature Survey 

Despite the importance of pelvic floor muscle strength and tone in the treatment of pelvic floor 

disorders, methods to measure these characteristics are limited. The goal of this literature review 

is to provide a brief overview of the pelvic floor muscles (PFMs) and the methods used to measure 

their strength and tone including intravaginal dynamometers. An in-depth review of the 

mechanical characteristics and bench testing, validity, and reliability studies of IVDs in the 

literature is also provided.  

2.1. Forces in the Pelvic Floor 

The pelvic floor includes a set of muscles that create an inverted dome acting to close the base 

of the pelvis. These muscles act to support the contents of the pelvic and abdominal cavity, and to 

resist the descent of the pelvic organs in response to increases in intraabdominal pressure or 

gravitational loading, thus maintaining urinary and fecal continence and preventing pelvic organ 

prolapse. Additional information on pelvic floor disorders can be found in Appendix A. 

Figure 1A below shows Delancey’s approximations of the lines of action of the pelvic floor 

muscles (PFMs) in the midsagittal plane in a standing female. The two key muscles involved in 

the active forces generated by the PFMs are the puborectalis (PRM) and pubovisceral (PVM) 

muscles [23]. As shown in Figure 1B these muscles act across the vaginal canal to help lift the 

pelvic floor and close the vaginal canal. Based on their lines of action, the PVM provides the lift 

action of the pelvic floor and a portion of the squeeze action [23]. As the line of action of the PRM 

acts horizontally and slightly downward, it contributes primarily to the squeeze action. As these 

muscles both act across the vaginal canal, it is a convenient location to measure the forces 

generated by their active contraction and passive tissue properties. 
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Figure 1: Lines of action of the main muscles of the pelvic floor in a female positioned in standing. 

A: Mean lines of action of the muscles of the pelvic floor. B: Line of action of key PFM muscles 

[23]. ICM, iliococcygeus muscles; PRM, puborectalis muscles; EAS, external anal sphincter; 

PVM, pubovisceral muscles. Reprinted with permission from Wolters Kluwer Health Inc. 

2.2. Characterization of Pelvic Floor Muscle Strength and Tone 

The three most common methods for measuring PFM strength and tone are digital palpation, 

vaginal manometry, and intravaginal dynamometry. 

Digital Palpation  

Digital palpation is a method to measure PFM strength and tone by inserting the fingers 

vaginally. It is the current clinical standard used to assess the strength and tone of the PFMs [18], 

[24]. The Modified Oxford Scale, which involves assigning a grade from zero (no palpable 

contraction) to 5 (able to lift and compress, holding against strong resistance), is most commonly 

used to grade the strength of the PFMs in North America, but this measure has poor inter-rater 

reliability [18], [19]. Other scales also exist; Van Kampen et al reported that more than 25 methods 

have been developed to evaluate PFM strength through palpation, some using one finger, others 
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using more [25].  While some scales to measure PFM tone have been introduced, they have not 

been adequately tested [26]–[29], aside from the Reissing scale which had low to moderate 

interrater reliability [20], and the International Continence Society currently recommends that tone 

be classified discretely only as decreased, normal or increased [30] relative to expectations for 

normative individuals.  

Manometry  

A vaginal manometer is an inflated balloon connected to a pressure transducer that is inserted 

vaginally. It can be used to measure the squeeze pressure generated during a maximal vaginal 

contraction (MVC) providing an indirect measure of PFM strength. An example of such a device 

is the Peritron perineometer shown below in Figure 2. While vaginal manometry shows much 

better intra- [31], [32] and inter-rater reliability [18], [19], [31] compared to digital palpation, it is 

susceptible to error due to the concurrent increase in intra-abdominal pressure which can occur 

during a PFM MVC [21]. When inserted into the vagina and inflated to a known volume, 

manometers have been used to quantify “resting PFM tone” which results from volume 

compression of the probe through a combination of tonic activation of the PFMs as well as any 

other forces acting on the probe chamber. Manometry cannot be used to evaluate resistance to 

passive elongation as probes are not designed to increase in aperture during recording.  

 

Figure 2: The PeritronTM perineometer [19]. Reprinted with permission from Elsevier. 
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Intravaginal Dynamometry 

Intravaginal dynamometers are used to measure active and passive PFM properties including 

strength and tone. Intravaginal dynamometers have been shown to reliably measure maximum 

strength, maximal rate of force development, speed of contraction, and endurance of the PFMs 

[33]–[39]. Some dynamometers with variable apertures can also yield reliable measurements of 

passive PFM properties including tissue tone or stiffness [33], [40]. A summary of the most 

commonly measured properties is provided in Table 1 below. While intravaginal dynamometers 

have been shown to reliably measure PFM properties, research and clinical experience from 

Sherburn [24] has found that, like manometers, dynamometers may measure additional forces 

generated by an increase in intra-abdominal pressure or the activation of other muscles such as the 

adductor or gluteal muscles [24]. Intravaginal dynamometers can also only measure the 

compressive forces generated by the PFMs, whereas to extent of cranial motion tends to be 

measured through imaging (ultrasound or magnetic resonance imaging) or assessed via palpation 

[24]. Despite these limitations, intravaginal dynamometry is emerging as a more reliable and valid 

method for quantifying PFM properties compared to palpation and manometry. 
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Table 1: Common clinical protocols performed using intravaginal dynamometers 

CLINICAL 

PROTOCOL 

PROCEDURE RELEVANT OUTCOMES 

Evaluation of passive 

resistance to 

elongation 

• A participant is asked to relax their PFMs 

and the device is opened across a 

predetermined range of apertures. Can also 

be performed with varying opening speeds. 

[41]. 

• Passive rate of force 

development (N/s) 

• Peak force 

• Baseline force 

• Relative peak force (peak 

force – baseline force) 

Evaluation of 

maximum voluntary 

contraction 

• A participant is asked to maximally 

contract their PFMs against the stationary 

device arms (some training is common to 

ensure that only the PFMs are being 

contracted) [34]. 

• May be measured at a single or multiple 

apertures [42]. 

• Peak force 

• Baseline force 

• PFM strength (peak force 

– baseline force) 

Evaluation of speed of 

maximal voluntary 

contraction 

• The same procedure as the evaluation of 

maximum voluntary contraction is used 

[33]. 

• Rate of force development 

(N/s) 

Evaluation of passive 

elastic stiffness 

• The same procedure as the evaluation of 

passive resistance to elongation is used 

[43]. 

• May be measured at a single or multiple 

opening speeds [33]. 

• Passive elastic stiffness 

(N/mm) 

Evaluation of PFM 

fatigue or endurance 

• A participant is asked to maximally 

contract the PFMs and maintain the 

contraction for as long as possible [44]. 

• Muscular fatigue (time to 

10% reduction in peak 

force) [44] 

Evaluation of PFM 

endurance 

• The same procedure as the evaluation of 

PFM fatigue is used [43]. 

• Percentage peak force 

losses after 1 minute [43] 

• Time to 40% loss of 

maximum strength (peak 

force – baseline force) [36] 
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2.3. A Review of Intravaginal Dynamometers 

Dual-arm dynamometers may have a fixed or variable aperture, the latter achieved through 

employing a screw or linear actuator mechanism. Most devices with variable apertures open the 

arms in parallel although some pivot and open similarly to a speculum. Devices with fixed aperture 

arms can only be used to measure PFM strength and resting PFM forces, and manually controlled 

devices are generally articulated using a screw which results in low and variable opening speeds.  

In this review, dynamometers will be divided into four groups based on device operation: fixed 

apertures, manual scissor-like variable apertures, screw-controlled variable apertures, and linear 

actuator-controlled variable apertures. One additional device, the direction-sensitive sensor probe, 

has a very distinct design and will be discussed separately. 

2.3.1. Fixed Aperture Devices 

Nearly half of the intravaginal dynamometers in the literature have a fixed aperture. These 

devices generally have two arms set at a fixed unchangeable distance or force sensors located on 

a tube with a set diameter. 

The first intravaginal dynamometer device was the instrumented speculum described by 

Sampselle et al in 1998 [45]. The device is not the focus of the paper in which it was presented, 

therefore there is limited information available and no images. It appears that the device is a 

speculum with strain gauges attached to each bill. As no images are provided, it is difficult to 

comment on the design of the device, but as a fixed aperture device only resting and contractile 

forces can be measured. There may also be an issue regarding the muscle length-tension 

relationship.  Each muscle has an ideal length at which it can exert its maximum force, but as the 

device aperture is not provided, the forces recorded by it cannot be compared to other devices.  

 

More extensive data were published on an updated version of this instrumented speculum by 

Miller et al. in 2007 [46]. The device, shown in Figure 3, is comprised of two, parallel arms 

mounted at a fixed aperture. Each arm is instrumented with three strain gauges and measures the 

forces applied perpendicular to its surface. The smooth straight arms of the device may make 

maintaining a consistent position within the vaginal canal difficult as the arms can move and slide 
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easily. A key limitation noted by the author is the potential effect of intra-abdominal pressure [46]. 

As discussed above, it is known that a contraction of the PFMs may also lead to an increase in 

intra-abdominal pressure (IAP) [21]. The instrumented speculum arms extend past the PFMs and 

into the area of the vaginal canal where the effects of IAP may be detected. This “IAP crosstalk” 

may indeed be an issue with many intravaginal dynamometers as most arm designs are similar. 

Only two other devices (removable sensor speculum and Pelvimetre discussed later) have 

attempted to solve this problem.  

 

Figure 3: The instrumented speculum by Miller et al. [37]. Reprinted with permission from John 

Wiley and Sons. 

In 2009 Saleme et al [47] published the vaginal sensor probe which aimed to measure PFM 

strength in multiple directions using a fixed aperture device. The vaginal sensor probe, seen in 

Figure 4, is a solid plastic tube instrumented with eight force resistive (increasing force causes an 

increase in resistance which can then be measured) sensors located along its surface. Pairs of 

sensors are evenly placed in four locations on the tube. No reliability or validation study of this 

device has been performed. The device was tested in one participant to verify the proposed clinical 

protocol for use of the device, but no reliability metrics can be drawn from this test. While the 

exact force resistive sensors used in this device (SENM-08A, China) appear to no longer be 

available, this type of sensor is known to have limited accuracy and is generally not used to 
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measure exact force values [48]. This may impact the repeatability of measures provided by this 

device and make it inferior to other devices that use load cells and strain gauges which are much 

more accurate. Due to the limited data available about this device it is difficult to assess its validity 

or compare it to other available devices.  

 

Figure 4: The vaginal sensor probe by Saleme et al. [47]. Reprinted with permission from Springer 

Nature. 

To address the influence of intraabdominal pressure on their PFM force measures, in 2014, 

Ashton-Miller et al. [49] redesigned their original instrumented speculum [45], [46]. While the 

new device, shown in Figure 5, is similar to their previous design in terms of strain gauge location 

and arm aperture, the lower (posterior) arm was modified. In particular, the lower arm was 

extended past the upper (anterior) arm, wrapping around the tip of the upper arm, with an aim of 

limiting the extent to which forces acting on the lower arm, generated by increases in IAP, act on 

the upper arm. To determine if this improved design was effective in minimizing the effect of IAP 

on force outcomes, IAP was collected using intra-vesical catheterization concurrently with PFM 

strength data recorded by the dynamometer. By comparing the IAP data to the force data, they 

showed that IAP had only a small, non-significant influence on measured PFM strength (r = −0.26, 

P = 0.109) [49]. Compared to results reported from their previous dynamometer, the coefficient of 

repeatability for between day measures was lower ( 3.1N versus  5.5 to 8.2N) and the mean 

difference between repeated measurements taken at a single visit was close to zero (0.01N). With 

the changes to the device, it appears that the effect of intra-abdominal pressure was limited without 

lowering the repeatability of measurements.  



13 

 

 

Figure 5: The improved instrumented speculum by Miller et al. [49]. Reprinted with permission 

from Elesevier. 

The Dinamômetro Vaginal by EMG Systems do Brazil (EMG System do Brazil, model DFV 

020101/10(r)) was reported by Martinho et al. in 2015 [36]. This device was one of only two 

commercially available IVDs, but is no longer for sale. Descriptions of the Dinamometro Vaginal 

are limited but it is composed of two plastic arms, one nested within the other; see  Figure 6. The 

smaller anterior arm is instrumented with a load cell which is used to measure the anteroposterior 

force. This device is similar to the improved instrumented speculum by Ashton-Miller et al. [49]. 

The posterior arm similarly extends past the anterior arm and is likely to limit the effect of IAP on 

measured PFM strength. As with all fixed aperture devices, the Dinamômetro Vaginal cannot 

measure the viscoelastic properties of the PFMs and may not measure PFM forces at their optimal 

length (the diameter of the device is not provided in any documentation).  

 

Figure 6: The Dinamômetro Vaginal by EMG Systems do Brazil [36]. Reprinted with permission 

from Elesevier. 

The newest fixed aperture device is the removable sensor speculum by Niederauer et al. [50]. 

Shown in  Figure 7, the removable sensor speculum has arms like that of the improved 

instrumented speculum with the extended posterior arm to avoid the influence of IAP. The anterior 

arm is a four-bar linkage allowing it to compress a pressure sensor (shown in orange) which is 
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used to measure the applied PFM forces. The force measuring mechanism of this device is much 

different from other devices. Instead of using load cells or strain gauges, the output of the pressure 

sensor is calibrated to provide a measure of force instead of pressure. The use of a removable 

pressure sensor makes cleaning the stainless-steel body of the device easy, but as each pressure 

sensor has its own calibration factor (affected by manufacturing and other factors) the use of this 

device clinically would be difficult. The Bluetooth connectivity of this device is an important 

clinical factor. Wires and burdensome data processing units make device failure and damage more 

likely in the rigorous and fast-paced clinical environment. The ability to connect devices via 

Bluetooth and receive already processed data to a mobile device is a key benefit. While this design 

still has some limitations, it also benefits over other fixed-arm devices because it is much easier to 

use in a clinic, and much easier to disinfect. 

 

Figure 7: The removable sensor speculum by Niederauer et al. [50]. 

As noted, devices that have fixed apertures may not measure PFM contractile forces at their 

optimal length for force generation [63]. Higher strength is often observed in other dynamometers 

when larger apertures are used [33], [44]. Not all publications are clear in reporting the aperture of 

the device. Some refer to the overall dimension [39] while others refer to the distance between the 
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approximating surfaces [51], making it difficult to compare the apertures of different devices. 

Lastly, since the length of the PFMs can be significantly affected by vaginal childbirth and age 

[52] there is a need to consider differences in resting length when comparing force values. This 

cannot be done with a fixed aperture device.  

2.3.2. Manual Scissor-Like Opening Devices 

Many dynamometers are modified speculums or are designed based on the motion of a 

speculum. The Pelvimetre [53], Figure 8, is the second of only two commercially available IVDs. 

While not a modified speculum, it is operated in a similar manner. Squeezing a handle opens the 

arms once inserted in the vagina. A locking mechanism on the side maintains a fixed distance 

when required for measurements of contraction force against a fixed diameter. The bottom arm is 

instrumented, with an overhang on the upper arm as described by Ashton-Miller et al. [53]. The 

ability to measure PFMs at multiple apertures has been shown the be important in other 

dynamometers [33], [44] and this device provides that ability. However, due to the manual nature 

of the opening of this device, providing constant opening speeds would be difficult and measures 

of the viscoelastic properties of the PFMs would not be possible. 

  

Figure 8: The Pelvimetre by VIVALTIS [53]. Reprinted with permission from Vivaltis. 
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One of the few intravaginal dynamometers for which a patent application has been submitted 

is the vaginal dynamometer by Romero‐Cullerés et al [35]. This dynamometer is based on an 

instrumented speculum with an inductive displacement sensor to measure the extension of a spring. 

As the PFMs contract, they pull the two bills together, compressing the spring. As the spring 

constant is known, the applied force can be determined through the measured displacement. 

Drawings provided for this device do not appear to be consistent with the mechanism described in 

the publication, but the functioning of the mechanism appears to be sound. Like the Pelvimetre, 

constant opening speeds would be difficult to achieve, but PFM forces can be measured at multiple 

apertures. The patent application for this device was withdrawn as it was not deemed to be novel. 

 

Figure 9: The vaginal dynamometer by Romero‐Cullerés et al. [35]. Reprinted with permission 

from John Wiley and Sons. 

The Bidirectional and Variable-Opening Equipment for the Measurement of Pelvic Floor 

Muscle Strength by Nunes et al. in 2011 [54] is another scissor-like dynamometer found in the 

literature. This device is also based on a modified speculum. The base of each speculum bill was 

instrumented with strain gauges on the inferior and lateral sides. The distance between the bills 
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can be adjusted with a screw, but due to the manual nature of the operation, the open speed cannot 

be well controlled. Both the strain gauges placed on the inferior surface and the lateral biaxial 

strain gauges (in a herringbone configuration) measure the contraction forces of the PFMs. Bench 

testing was not reported. While this device was designed to measure both the anteroposterior and 

left-right forces of the PFMs, based on the orientation of the muscles of the pelvic floor, forces 

measured in the left-right direction are primarily generated through the bulking of the muscles 

(increase in diameter with contraction). Lateral forces have been reported to be lower than 

anteroposterior forces in other studies [22], [55], yet,  the left-right forces reported for this device 

were higher than the anteroposterior forces,  but were less reliable.  

 

Figure 10: Bidirectional and Variable-Opening Equipment for the Measurement of Pelvic Floor 

Muscle Strength by Nunes et al. [34]. Reprinted with permission from John Wiley and Sons. 

The vaginal dynamometer by Parezanovic – Ilic et al. [56] is another modified speculum, this 

time incorporating a screw-controlled variable aperture. A screw is used to pull the lower 

instrumented bill away from the upper arm, causing the arms to open. Unlike most dynamometers, 

the lower instrumented bill does not have an internal load cell or strain gauges on its surface but 

has a load cell attached to its lower edge. It appears that as the pelvic floor muscles contract, the 

force is transmitted through the lower bill to the top edge of the load cell. As the upper bill is 

attached to the force measuring component of the load cell, the two arms pull the load cell in 

opposing directions. The paper is not entirely clear on how the device is calibrated but it appears 
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that the force on the load cell is calibrated to equal the force applied to each bill. This device has 

the same limitations as other scissor-like opening devices.  

 

Figure 11: The vaginal dynamometer by Parezanovic – Ilic et al. [56]. 

One advantage of scissor-like dynamometers is the small diameter at the vaginal introitus. The 

dynamometer arms which open parallel to one another may have an additional force component 

due to the restrictions at the vaginal introitus, which may also cause discomfort when performing 

contraction tasks. Opening the arms of the scissor-like dynamometers does not lead to the same 

increase in diameter at the introitus as the arms pivot at this point rather than opening in parallel. 

The angled opening (not in parallel with the vaginal canal) of the arms of these devices may also 

lead to a portion of the applied force being transferred directly through the arm rather than to the 

strain gauge. This is shown in Figure 11 where the distance between the arms at the location of the 

introitus is smaller than the distance at the application point of Fpk. While less severe on this 

device, the same issue may occur more intensely for the vaginal dynamometer and the 

Location of introitus 
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Bidirectional and Variable-Opening Equipment as these devices are inserted further into the 

vaginal canal. 

2.3.3. Linear Variable Aperture Devices 

The Montreal dynamometer by Dumoulin et al. in 2003 [57], shown in Figure 12, has one fixed 

and one instrumented mobile arm. The mobile arm is instrumented with four strain gauges, two on 

the superior and two on the inferior sides of the arm, connected in a Wheatstone bridge 

configuration, which are used to measure PFMs using the cantilever beam method. A screw is used 

to slide the lower mobile arm which can then be locked into position. Due to the manual opening, 

opening speeds are relatively slow, and it is unlikely that a reliable opening speed would be 

possible and such a claim is not made by the authors. Extensive bench testing was undertaken for 

this device. The device shows good repeatability of measures and the effect of the position of the 

load along the arms is limited. The hysteresis and drift of this device are negligible. It was noted 

in one study of this device that some women experienced discomfort at higher apertures which 

may reduce their ability to properly maximally contract their PFMs, and indicates that passive 

tissue resistance at the introitus might influence the overall force measurement [39]. 

 

Figure 12: The Montreal Dynamometer by Dumoulin et al. [57]. Reprinted with permission from 

John Wiley and Sons. 
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Soon after the publication of the Montreal Dynamometer by Dumoulin et al., a manuscript 

describing a similar device was published by Verelst et al. in 2004 [42]. This device, seen in Figure 

13, has a similar screw design that allows the upper arm to be separated by adjusting the screw. 

The device has a single upper arm that is split by a metal plate and has a strain gauge interfaced 

on its surface to provide force measurements. Bench testing data are not available for this device 

but as the force sensing design is like that of many fixed aperture devices and the Dumoulin 

Montreal Dynamometer it is likely that bench testing would yield similar results. Unlike the 

Montreal Dynamometer, this device measures PFM forces in the left-right direction. While the 

authors acknowledge that most other devices measure forces in the midsagittal plane, they 

explained that some women were experiencing discomfort in this plane and therefore they took 

measurements in the frontal (left-right) plane.  

 

Figure 13: The vaginal device by Verelst et al. [42]. Reprinted with permission from John Wiley 

and Sons. 

 An updated version of the Montreal dynamometer, called the dynamometric speculum, was 

first introduced by Morin et al. in 2010 [43] (Figure 14). Like the Montreal dynamometer the 

dynamometric speculum has an instrumented mobile arm, but the arm has been split into two 

instrumented blades. The first, upper blade is longer to measure changes in intraabdominal 

pressure during coughing while the shorter lower arm measures PFM forces. Electrodes were also 

added to the second blade to ensure that no muscle activation was occurring when passive 

properties were being measured [43]. The opening mechanism has also been updated with a slide 

table to provide smoother motion than the screw used in the Montreal dynamometer. While the 
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slide table may provide a more constant opening speed, it is still dependent on the user turning a 

crank. The arms of this device are also much smaller which appears to have been a change made 

during provoked vestibulodynia research (smaller arms cause less discomfort in women with pain) 

[15]. Bench testing of this iteration of this device has not been published. The device was used in 

a study of the passive properties of the PFMs in continent women [43] and found an increase in 

passive elastic stiffness with an increase in aperture. 

 

Figure 14: The Dynamometric speculum by Morin et al.[43]. Reprinted with permission from 

Elsevier. 

While these devices may provide reliable manual speed control at low speeds, these speeds 

may be too low and inconsistent to reliably measure the viscoelastic properties, including the tone 

of the pelvic floor [58]. 

2.3.4. The Direction Sensitive Sensor Probe 

The direction-sensitive sensor probe by Constantinou et al. [22] is a unique intravaginal 

dynamometer style. Four arms are each composed of a leaf spring with a force transducer and hall 

effect sensor on their distal ends. The four springs can be compressed to allow the device to be 
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inserted into the vagina and then opened. Using the force transducers and hall effect sensors, force, 

and displacement in four directions can be measured concurrently. The largest advantage of this 

device is that it can entirely avoid the forces at the introitus. Unlike other devices the direction-

sensitive sensor probe does not rely on straight arms but has arms that expand within the vaginal 

canal after the introitus, thus avoiding these forces all together. Another advantage of this device 

is its ability to potentially measure the cranially directed forces of the pelvic floor, something no 

other dynamometer is capable of. The authors speculated that this many allow the device to better 

characterize the full function of the PFMs [59]. The probe was used in a study of women with and 

without stress urinary incontinence (SUI) [55], which found significantly higher PFM strength in 

the midsagittal plane in women without SUI [55], but that forces acting laterally were not 

significantly different at rest or during contraction [55]. 

 

Figure 15: Direction sensitive sensor probe by Constantinou et al. [59]. Reprinted with permission 

from John Wiley and Sons. 

2.3.5. Linear Actuator Controlled Variable Aperture Devices 

The first linear actuator-controlled device in the literature is the automated dynamometer by 

Kruger et al. in 2015 [60]. The device, seen in Figure 16, consists of two arms connected by two 

struts to a force transducer and linear actuator. The two struts push the arms apart as the linear 

actuator extends, opening the arms in a scissor-like way.  As the arms are compressed by the PFMs, 
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the two struts transfer this force to the force transducer. There does not appear to be any published 

data validating the opening speed of the device, which could be influenced by the forces generated 

by the pelvic floor and is an important aspect to consider when measuring muscle stiffness as it 

may vary depending on the rate of extension due to the viscoelastic properties of the tissues [58]. 

Bench testing involved measuring the stiffness of a spring at various apertures using an Instron 

5800 and then repeated using the device. Linear regressions between the Instron forces and the 

forces measured by the device yielded an R2 of 1.000 [60] suggesting that the forces measured by 

the device are valid. No other bench testing data are available. With the diagonal opening of this 

device, as with other scissor-type devices, it may miss a portion of the applied force, but unlike 

these devices, the linear actuators may provide constant opening speeds, thus making this device 

more valid for measuring the viscoelastic properties of the PFMs than hand-operated devices.  

 

Figure 16: Internal components of the handheld automated elastomer [60]. Reprinted with 

permission from John Wiley and Sons. 

The MFM Lab has created two iterations of a linear actuator controlled IVD. Reliability data 

on the first automated IVD was published by Bérubé et al. in 2018 [33]. This dynamometer consists 

of a main body that houses one linear actuator to extend and retract the load cell instrumented 

posterior arm. The anterior arm is part of the main body and is not instrumented. The arms open 

in parallel thus avoiding the issues of the automated elastomer and its diagonal opening. Bench 

testing and validation data were used for calibration but were not published. The device was 

determined to be reliable for a variety of in vivo measures [33]. The arms of this device have been 

designed to limit the aperture at the vaginal introitus, which may have led to the higher reliability 

seen at larger apertures (an issue in the Montreal Dynamometer) as discomfort was not mentioned 

by participants. This device functioned well but the linear actuator used was large and heavy, 

making the device somewhat cumbersome to hold and maneuver, and potentially intimidating for 

patients.  
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Figure 17: The MFM Lab 2018 linear actuator controlled IVD [33]. Reprinted with permission 

from John Wiley and Sons. 

 Based on the size and weight of this first linear actuator-controlled IVD, the MFM Lab made 

several improvements which were discussed in a recent report by Czyrnyj et al., which also 

published data from bench testing  [51]. Key improvements included the use of two lightweight 

linear actuators instead of one large one and instrumenting both the anterior and posterior arms 

with load cells. As is common with dynamometers with parallel arms, the load cells registered a 

minimal influence of the location of force application along the arm on the measured force. The 

load and the arm opening speeds were valid [51] and additional data collected in 2021 on the 

loaded speed of the device showed that it generally provides reliable output speeds when loaded 

[41]. While this device functions well in a research setting and provides comprehensive 

measurements of PFM forces with excellent control of speed and opening distances, it is too 

delicate to function in a clinical setting. Several large cables, a separate box containing the 

amplification circuit, and an isolated power supply are needed. These components fail 

occasionally, and repairs would not be easy to complete in the clinic. 
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Figure 18: The second generation, improved automated IVD [51]. Reprinted with permission from 

John Wiley and Sons. 

2.3.6. Dynamometer Review Summary 

Existing PFM dynamometers described in the literature have limitations when considering 

their use in a clinical setting. Table 2 below provides a summary of the advantages and 

disadvantages of each group of intravaginal dynamometers. Manually controlled dynamometers 

lack the speed control needed to provide stiffness measurements using constant known speeds that 

are of an adequate magnitude to evaluate viscoelastic properties, but these designs do appear to 

provide reliable measurements of contractile force and resistance to elongation at a given aperture. 

While the scissor-like opening devices may reduce the measurement of force due to the stretching 

of the vaginal introitus, most are manually controlled, and thus speed is not known nor constant. 

These configurations may also only measure a portion of the PFM forces applied to the arms due 

to the angle of the arms and load cell which can only measure the force applied perpendicular to 

their surface. Fixed aperture devices cannot measure any PFM viscoelastic properties as they 

cannot be opened to deform the tissues regardless of speed. The aperture of these devices appears 

often to be small, thus they do not measure contractile forces at an optimal muscle length. This is 
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supported by the results found by multiple papers which found higher strength measurements at 

higher apertures [33], [44]. All authors conclude that this is likely due to the length-tension 

relationship within muscle fibers, a well-known characteristic of skeletal muscles [61], and may 

result in an underestimation of PFM forces in older and/or parous females [52]. 

Currently, only the Pelvimetre and EMG Systems vaginal dynamometer have been 

commercialized, but neither is available in North America, and no other devices have been 

successfully patented. An overarching issue with all these devices is their complexity. Many 

require expensive data collection systems and are wired to a computer, something not accessible 

in the clinical setting. Most have exposed hardware and electronics which would be dangerous in 

the clinical setting and difficult to clean. These devices have also not been designed to be visually 

appealing. A large, instrumented device may add to a woman’s discomfort with the assessment 

procedure, and this, in turn, may affect their capacity to relax during passive elongation, or their 

effort during maximal contraction efforts.  
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Table 2: Summary of the advantages and disadvantages of each intravaginal dynamometer group 

DEVICE GROUP ADVANTAGES DISADVANTAGES 

Fixed aperture devices • Limited electronics  

 

• May not provide an ideal muscle 

force-length relationship 

• Can only measure resting forces and 

contractile forces, not tone 

Manual scissor-like 

opening devices 

• Reduced diameter at 

introitus 

• A speculum is a familiar tool 

for clinicians  

• Variable aperture 

• May not measure a component of the 

applied force 

• Cannot provide consistent opening 

speed 

Screw controlled 

variable aperture 

devices 

• Variable aperture 

• Consistent speed control at 

low speeds 

• Cannot provide consistent speeds or 

high speeds 

Linear actuator 

controlled variable 

aperture devices 

• Consistent output speeds 

regardless of applied force 

• Lightweight 

• Diagonal opening: may not measure 

all the applied force 

• Fragile due to complex electronics 

The direction sensitive 

sensor probe 

• Measures in an additional 

direction  

• small diameter at the 

introitus and introital forces 

not additive 
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Chapter 3. Intravaginal Design and Modelling 

This chapter presents the original constant speed mechanism design originally presented in the 

undergraduate thesis “Design and Simulation of a Mechanical Intravaginal Dynamometer for 

Clinical Use” including part selection and the creation of a kinematic model simulation using 

Simulink (Matlab R2019b; The Mathworks Inc.). The fabrication of the proof-of-concept 

prototype mechanism is then discussed. Changes made to the kinematic model to reflect the real-

world physical system more accurately are explained. This chapter concludes with 

recommendations for new spring dimensions as well as damping rates based on experimentally 

collected data. 

3.1. Original Mechanical Intravaginal Dynamometer Mechanism 

To address the current limitations of available IVDs found in the literature, a constant opening 

speed mechanism for a mechanical IVD was simulated through the undergraduate thesis, “Design 

and Simulated Validation of a Mechanical Intravaginal Dynamometer for Clinical Use”. Previous 

experience has shown that existing electromechanical IVDs can be fragile and unreliable under 

heavy use. A purely mechanical system was chosen to ensure that the mechanism is robust and 

can withstand the intense clinical environment.  

The design of this mechanism is shown in Figure 19. The primary components driving the 

motion of the device are a constant spring force mechanism and an adjustable rotary damper. The 

extension and compression spring drive the opening of the arms after compression. The adjustable 

rotary damper regulates the opening speed of the device, with the force generated by the springs 

being transferred to the damper shaft using a rack and pinion. The operation of these components 

is described below. 
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Figure 19: The original constant speed mechanism design 

There were key requirements for the mechanism that dictated component selection. These 

requirements are provided in Table 3. The most important requirement is that the mechanism 

provides a constant speed that is not significantly altered by the PFM forces. 

Mechanism opening speeds from 15 – 50 mm/s were required with minimal variation. As there 

appears to be little data on the relationship between muscle stiffness and speed of elongation, a 

maximum standard deviation of ±2.5mm/s was deemed to be acceptable based on a study by 

Berube et al. [33] which saw a mean change in muscle stiffness of 0.05 N/mm (0.66 ± 0.03 to 0.71 

± 0.03 N/mm) between speeds of 25 and 50 mm/s. Assuming the change in stiffness is linearly 

related to a change in speed, a variation of 5 mm/s in the opening speed would only lead to a 0.005 

N/mm change in the measured stiffness. Ideally, this threshold would be validated by measuring 

stiffness at multiple speeds using an existing electromechanical intravaginal dynamometer, but 

these data do not exist. 
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Table 3: Key requirements for the constant speed mechanism with relevant levels of precision 

REQUIREMENT NOMINAL VALUES LEVEL OF PRECISION 

Operable by women 

aged 25-60 in the 5th 

percentile of grip 

strength 

 < 212.5 N [62] - 

Provide a 

predetermined range 

of speeds not 

significantly altered by 

PFM forces 

15-50 mm/s ±2.5mm/s 

Total mechanism 

weight  
<1 kg ±0.25 kg 

Mechanism must 

provide an adequate 

range of apertures 

15 – 45 mm ±5 mm 

3.2. Constant-Force Mechanism Design 

The constant force spring mechanism was designed based on the design originally proposed 

by Lambert et al. [63] which consists of a compression and extension spring placed orthogonally 

and connected at their distal ends as shown in Figure 20. The mechanism can only provide 

approximately constant forces over a particular range of motion. The springs can be tuned (varying 

spring sizes and constants) to minimize the variation in this force making them consistent enough 

for the geometry and displacement required in this application. 
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Figure 20: A configuration for the double-slider constant-force mechanism [64]. Reprinted with 

permission from Elsevier. 

 By rederiving the equations for the mechanism as described by Wang et al. [64] (based on the 

work by Lambert et al.) adequate spring constants were determined for the constant force 

mechanism. These constants were selected based on two factors: the maximum closure force 

required by the operator and the rated capacity of OEM dampers.  

To derive the model for the dynamometer mechanism design, a force analysis of a bottom 

dynamometer arm and a crossbar was performed: 

 

Figure 21: Free body diagram of the lower main arm 

 ∑ 𝐹𝑦 = 0  𝑉 + 𝑅𝑦 − 𝐹𝐷 −  𝐹𝑣  +  𝐹1 = 0 (1) 

 ∑ 𝑀𝑅 = 0  −𝑉(2𝑙𝑐𝑜𝑠𝜃) + 𝐹𝐷𝑙𝐷 + 𝐹𝑣𝑙𝑣 = 0 (2) 

R 
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Figure 22: Free body diagram of the left crossbar 

∑ 𝑀𝐴 = 0  𝑉 = 𝐹2𝑡𝑎𝑛𝜃 − 𝑅𝑦 (3) 

Substituting Eq. (3) into Eq. (1): 

𝐹𝐷 =  𝐹2𝑡𝑎𝑛𝜃 +  𝐹1 − 𝐹𝑣 (4) 

From this equation, the application location of the PFM forces (FV) does not affect the force 

transferred to the damper. Next, the equations for the spring forces were required: 
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Figure 23: Key dimensions for the spring positions 

The equation for the compression spring is given by: 

𝐹1 = 𝑘1(𝐿1 − 2𝑙𝑠𝑖𝑛𝜃) (5) 

where 𝐿1 is the uncompressed length of the compression spring. The equation for the extension 

springs is given by: 

𝐹2 = 2𝑘2(2𝑙𝑐𝑜𝑠𝜃 − 𝐿2 − 𝐿3) (6) 

3.2.1. Compression Spring Selection 

The compression spring constant Eq. (7) must be satisfied for the desired combined spring 

(extension and compression springs) output force (FO) which will be set to 80 N, a force below the 

average grip strength but over twice the maximum PFM force. A 3” spring provided the 

appropriate maximum opening distance for the device based on its dimension. 

𝐹𝑂 = 𝑘1𝐿1 (7) 

𝑙 

𝑙𝑠𝑖𝑛𝜃 

𝑙𝑐𝑜𝑠𝜃 
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80𝑁 = 𝑘1(0.0762 𝑚)  

Solving for k1 using the spring length, L1, of 3” (0.0762 m) yields a spring constant of  𝑘1 =

1049.87 𝑁/𝑚. 

3.2.2. Extension Spring Selection 

The spring constant for the compression spring was chosen based on Eq. (7). To determine k2, 

values for 𝐿2, 𝐿3 and k2 were iterated using a MATLAB script until the output force of the springs 

formed a parabola with little change in force across the opening angle theta (θ). Figure 25 shows 

the effect of varying k2 values for a set 𝐿2 = 44.45mm and 𝐿3 = -34.9mm. 𝐿3 is negative as it 

measured from the center of the lower crossbar in Figure 24 and the distance from this point 

increases positively to the left. The curve for a spring constant of 1468 N/m showed the smallest 

variation across opening. Using the spring component from Eq. (4) (𝐹1 + 𝐹2𝑡𝑎𝑛𝜃), the equations 

for the compression and extensions spring Eq. (5) and Eq. (6) can be substituted for parts F1 and 

F2 in Eq. (4) as shown below: 

𝐹𝑠𝑝𝑟𝑖𝑛𝑔 = 𝑘1(𝑙𝑦 − 2𝑙𝑠𝑖𝑛𝜃) + 𝑘2(2𝑙𝑐𝑜𝑠𝜃 − 𝐿2 − 𝐿3)𝑡𝑎𝑛𝜃 (8) 

 

Figure 24: Origin location for measurements on the lower arm 
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Figure 25: Generated spring force for a selection of extension spring k2 values 

3.3. Damper and Pinion Selection 

A damper, rack, and pinion are used to control the output speed of the device. When the 

compressed mechanism is released, the force generated by the springs is transferred through the 

rack to the pinion on the damper shaft, generating a torque. By adjusting the damping torque of 

the damper, the opening speed of the mechanism can be controlled. The FYT-H1-L adjustable, 

uni-directional damper seen in Figure 26, was chosen due to its compact size and large damping 

torque range (2 – 10 Nm). To control the damping rate, a screw on the back of the damper is 

adjusted to the desired angle. 
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Figure 26: FYT-H1-L anti-clockwise rotary damper [65]. Reprinted with permission from 

Bansbach. 

To calculate the torque applied by the springs and pelvic floor muscles to the damper pinion 

Eq. (9) was used: 

𝑇𝑎𝑝𝑝𝑙𝑖𝑒𝑑 = 𝑟𝑔𝑒𝑎𝑟(𝐹𝑠𝑝𝑟𝑖𝑛𝑔 − 𝐹𝑉) (9) 

Where Tapplied is the resulting torque, rgear is the radius of the pinion, FV is the force generated by 

the pelvic floor muscles and Fspring is the spring force as calculated using Eq. (8). The radius of the 

pinion needed to be optimized to provide the desired speed range while also minimizing the torque 

generated by the spring and PFM forces. The rack was selected to have the same pitch as the 

pinion. Using the Simulink simulation discussed in more detail in Section 3.4 a pinion radius of 

1.1cm was chosen to provide a linear speed range of 15 to 110 mm/s. 

3.4. Kinematic Model 

The kinematic model of this system was simulated in Simulink (Matlab R2019b; The 

Mathworks Inc.) as seen in Figure 27.  
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Figure 27: Simulink kinematic model of the speed mechanism 

Models for both the spring and damper were generated. To determine the torque setting of the 

damper, Eq. (10) is used, where the change in the damper rear knob angle (θ) setting determines 

the torque setting (range from 2 - 10 Nm). The rotational speed of the rotary damper (in rpm) is 

calculated using this set torque and the current torque (Eq. (9)) being applied by the spring and 

pelvic floor muscles using Eq. (11). 

𝑇𝑠𝑒𝑡 =
−8

180
𝜃 + 10 

(10) 

𝑅𝑃𝑀 =
𝑅𝑃𝑀𝑚𝑎𝑥 − 𝑅𝑃𝑀𝑚𝑖𝑛

(𝑇𝑠𝑒𝑡  −  
𝑇𝑠𝑒𝑡

4 )
(𝑇𝑎𝑝𝑝𝑙𝑖𝑒𝑑 −  

𝑇𝑠𝑒𝑡

4
) + 𝑅𝑃𝑀𝑚𝑖𝑛 

(11) 

 To generate the model for the RPM output of the damper, the maximum and minimum 

rotational speeds and their corresponding torques were required. These values were not available 

for the specific damper used, so it was assumed that the FYT-H1-L damper would have similar 

characteristics to the FRN-P2-L202 from the same supplier. For this damper, the maximum rotary 

speed of 50 rpm occurs at the maximum torque setting while the lowest rotary speed of 10rpm 

occurs at ¼ of the maximum torque setting (Eq. (12)).   
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𝑅𝑃𝑀 =
50 − 10

(𝑇𝑠𝑒𝑡  −  
𝑇𝑠𝑒𝑡

4 )
(𝑇𝑎𝑝𝑝𝑙𝑖𝑒𝑑 − 

𝑇𝑠𝑒𝑡

4
) + 10 

(12) 

The rotational speed (deg/s) of the damper is then converted to a displacement (s) and linear 

speed (v) using Eq. (13) and Eq. (14).  

𝑠 =  𝐿𝑎𝑟𝑐 ∫ 𝜔 𝑑𝑡 
(13) 

𝑣 =  
𝑑𝑠

𝑑𝑡
 

(14) 

Next, the simulation verifies that the displacement has not reached the maximum displacement of 

0.04 m, if not the loop continues. To calculate the force generated by the springs, the base opening 

displacement of 0.04 m is added to the current displacement as the extension springs were already 

partially extended in the fully open position and therefore already exerting some force at that time. 

Then using Eq. (8) the spring force is calculated. To approximate the force generated by the PFMs, 

several sine waves are summed to provide a force that varies from 0 N to 35 N (Figure 28), the 

expected range of PFM contraction forces based on the literature [41], [42]. The curve in Figure 

28 was generated using the Simulink Waveform Generator based on a series of sine waves of 

varying amplitudes, frequencies, and phases with a shift of 19 N.  The changes in PFM forces 

simulated by this curve are rapid and large and do not accurately reflect what would occur in vivo. 

In vivo, there is a somewhat linear increase in force as the arms stretch the relaxed tissues [33]. 

While the PFMs can reach forces of 35N,  the literature shows that this does not generally occur 

when the PFMs are relaxed; the maximum is closer to 20 N [14], [33], [40]. A more realistic PFM 

force curve can be found in section 3.6.3. 
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Figure 28: Example of the PFM force generated by the simulation for a damper setting of 180° 

Figure 29 below shows the output speed of the mechanism across nine damper torque settings. 

As the output speed increases (damper angle setting increases), the ratio between the standard 

deviation of the output speed and the standard deviation of the PFM force increases from 0.27 to 

1.45. This increase is primarily due to a large increase in the standard deviation of the output 

speeds which increase from 1.92 to 12.26 mm/s. The standard deviation of the simulated PFM 

force, while large, varies very little (7.02 to 8.43 N) as it is not determined by the speed setting, 

but lower speeds do result in longer opening times, thus creating more PFM force data points. At 

the lowest output speed (damper setting of 0 °) a standard deviation of 1.92 mm/s is reasonable for 

an average speed of 12.83 mm/s. As the output speed increases, the standard deviation values 

become less acceptable. At the maximum output speed, the standard deviation increases to 12.26 

mm/s for an average speed of 95.59 mm/s. While the mechanism will likely never be used at this 

output speed setting, it is still an unreasonable variation in speed seeing at the standard deviation 

is nearly equal to the lowest required speed of 15 mm/s and far exceeds the pre-determined 

acceptable standard deviation of 2.5 mm/s. At a damper angle setting of 135°, the mechanism 

reaches approximately the peak output speed of 50 mm/s required during clinical use (average 

output speed of 43.04 mm/s). Here the standard deviation is 5.64 mm/s. While this higher 

0

5

10

15

20

25

30

35

40

0 0.5 1 1.5 2 2.5 3 3.5

P
el

v
ic

 F
lo

o
r 

M
u
sl

e 
F

o
rc

e 
(N

)

Opening time (s)



40 

 

variability is not acceptable based on our previously set criteria, it may not be realistic. As 

discussed previously, the PFM force curves used in this simulation are not realistic. If a smaller, 

more linear, slowly increasing PFM force was used, the standard deviations in speed would be 

lower.  
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Figure 29: Output speed vs opening distance for the full opening range of 40mm for nine damper angle settings spanning the entire 

available range. 
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The results from this kinematic model simulation suggest that a prototype built with the 

selected components should provide the speeds needed clinically while also ensuring that these 

speeds are only minimally affected by loading from the PFMs. As the speed increases, the 

mechanism does appear to be more affected by PFM loading, a limitation that requires further 

investigation.  To investigate the validity of this simulation, a proof-of-concept prototype was 

fabricated.  

3.5. Proof-of-Concept Design 

The first contribution of this research is the fabrication of the proof-of-concept mechanism 

prototype. As shown in Figure 30, the prototype is constructed from 6061 aluminum for the large 

arms and 316 stainless steel for the smaller crossbars. Machining was performed by the uOttawa 

Machine Shop and no special surface finishes were requested. Bushings or nylon sheets were used 

in locations of potentially high friction including between the rack and its support and within the 

main arm slots. This prototype was used to validate the kinematic model created above, and a 

speed validation was performed in a loaded and unloaded configuration as described in Chapter 4. 

In the unloaded configuration, the prototype was opened at 9 damper knob settings with no load 

applied to the blue measurement arms seen in Figure 30. For the loaded configuration, a handheld 

force gauge was used to apply force to the top measurement arm as the prototype opens at the same 

nine damper knob settings.  

 

Figure 30: Prototype of the original constant speed mechanism design 
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3.6. Improvements to Kinematic Model to More Accurately Reflect the Physical 

System 

To reflect the real-world physical device, the damping coefficient of the damper was determined 

experimentally, and the real-world dimensions of the springs were inputted more accurately into 

the model. 

3.6.1. Real-world Spring Dimensions 

In the original kinematic model, the spring dimensions neglected their attachment hooks. For 

example, Figure 31 shows the original (L3a) and updated (L3b) dimensions used for the extension 

springs.  

 

Figure 31: Extension spring measurement changes on the lower arm 

L3 was adjusted from 0.0349m to 0.0221m from the end of the coils to the nearest crossbar. 

The length of the active coils of the spring was also changed. The original simulation used the 

entire length of the spring for calculations, but a large portion of this dimension is the hooks of the 

spring. This length was changed to represent the true length of the coils, 0.0231m. An error in the 

documentation from the spring manufacturer also cited a longer maximum extended length than is 

possible with these springs. For this reason, the minimum distance between the arms when closed 

was increased from 40.2 mm to 52.25 mm as described below.  
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To determine the minimum distance between the arms the extension spring range, xrange, is 

required, Eq. (15). 

𝑥𝑟𝑎𝑛𝑔𝑒

2
= 𝑙𝑐𝑜𝑠𝜃1 −  𝑙𝑐𝑜𝑠𝜃2 

(15) 

Where 𝑙 is the length of the crossbar and 𝜃1 and 𝜃2 are the angles at the minimum and maximum 

arm positions. When the arms are fully open, the maximum arm distance, ymax, is 84.38 mm and 

the extension spring is already extended 88.57 mm of its maximum extension of 120.65 mm. This 

provides an xrange of 32.08 mm. 

 

Figure 32: Position for maximum and minimum distances between arms 

Rearranging Eq. (15) above, the angle at maximum closure can be determined through: 

𝑐𝑜𝑠𝜃1 =
𝑥𝑟𝑎𝑛𝑔𝑒

2𝑙
+ 𝑐𝑜𝑠𝜃2 

(16) 

which yields  𝜃1 =31.5º and therefore ymin = 26.1 mm. While an increase in this distance is not 

ideal, it should still be comfortable for patients as the IVD arms can be designed to have a smaller 

aperture than the distance between the arms, as seen with the MFM Lab 2018 linear actuator 

controlled IVD and the second generation, improved automated IVD [33], [41]. 

 These changes resulted in a spring force curve that had a larger range of values. In the original 

simulation, the spring force varied by approximately 2N across the entire opening distance of the 

device. With the updated spring dimensions and with the addition of two extension springs, the 
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variation increased to 8N. Figure 33 shows a comparison between the originally simulated spring 

force and the updated spring force.  

 

Figure 33: Spring force vs angle between crossbars (for the full opening range of each version) 

for the original and updated spring dimensions 

3.6.2. Determining the Damping Coefficient 

To determine the damping coefficient curve for the rotary damper, the damper was loaded with 

a 907 g calibration weight at 22.5° degree increments from 0° to 180°. The damper was mounted 

to a sturdy table and an arm of length 125mm was attached to the shaft of the damper so that when 

the 907g load was applied, the resulting moment was approximately the same as that experienced 

in the simulation.  The center of the damper shaft was marked to make video analysis more 

consistent. For each damper setting, three trials were recorded using an iPhone (Apple, California) 

setup with a tripod parallel to the damper face. A ruler was attached to the background to provide 

a scale for video analysis (Figure 34). The order of damper set angles (0-180) was randomized to 

avoid bias. Videos were analyzed using the Tracker software by Brown et al. [66]. The resulting 

damping rate curve can be seen in Figure 35.  
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Figure 34: Experimental setup to determine damping rate at different loads. Loads are applied to 

the distal end of the blue bar. 

 

Figure 35: Damping rate vs damper angle setting for the full range of settings with 4 extension 

springs 
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3.6.3. Real-world Kinematic Model Results 

The new spring dimensions were added to the spring model block in the Simulink 

kinematic model, and the damping coefficient equation was altered in the damper model block 

(each block contains code that uses the inputs from the system to provide an output). The final 

adjustment to the kinematic model was the PFM force. As previously discussed, the PFM force 

would likely increase relatively linearly. The vaginal force block in the kinematic model was 

altered to provide a linearly increasing force with a slope ranging from 2 to 3.25 N/s, which 

provided a maximum of approximately 20N by the end of the device opening (increasing slope 

to ensure that 20 N was reached at all speed settings) (Figure 36).  

 

Figure 36: PFM force across the opening distance of the mechanism 

Using the changes discussed above, the kinematic model was updated and run at nine 

different damper angle settings (0 to 180° in 22.5° intervals).  
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Figure 37: Output speed vs opening distance (device arms moved from fully closed to fully 

opened) for the full opening range of 30.3 mm (adjusted for real-world requirements and the 

maximum extended length of the extension springs) for damper angle settings spanning the entire 

range 

3.7. Summary 

The updates to the simulation show that the mechanism will not provide sufficient speeds for 

muscle tone testing when incorporated into an IVD. The output speeds are somewhat constant, but 

as the device opens and as the applied PFM force increases, a decrease in speed is observed. Higher 

speeds also experience greater decreases in speed with opening distance. This is due to the speed 

at which the torque is applied to the damper. For all settings, the same amount of torque (generated 

by the springs and PFMs) is applied to the damper, but the time of application varies. For the 

highest damper angle setting (180°; the fastest opening speed) a torque from 2.28 to 2.03 N is 

applied in 6.167s whereas, for a setting of 0°, opening takes 9.893s during which time the same 

amount of varying torque is applied. This leads to a more negative slope observed when the damper 
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is at the 180° setting compared to other settings, and a greater effect of the PFM forces on the 

opening speed.  

While the speeds observed are much lower than those specified in the design requirements, a 

damper with a lower damping rate may be able to provide speeds closer to 50mm/s as determined 

through the desirable device specifications. As the damping rate is calculated as load over speed, 

and the load cannot be significantly adjusted as this would make it difficult to close the mechanism, 

the damping rate must be decreased to increase the speed.  

As well, as the decrease in opening speed is due to the PFM force and the moment it generates 

at the pinion, if the speeds were to be increased with additional springs or a damper with a lower 

damping rate, then the reduction in speed would be the same. Therefore, for speeds from 15 to 50 

mm/s the reduction in speed seen above would be even less evident than it is when the speeds are 

low. The updated simulation also now shows that as the spring force increases with opening 

distance, it counteracts the increasing PFM forces. The spring force could be altered to increase to 

the same level as the PFM force, further limiting its effect.  
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Chapter 4. Original Speed Mechanism Validation 

While the simulation of the mechanism presented in Chapter 3 indicated that the output speeds 

would be much lower than required and a damper with a lower damping rate should be used, the 

original prototype was still validated to determine if it could provide constant output speeds even 

under loading. To increase the low output speeds, two additional extension springs were added to 

the prototype resulting in a mechanism with six extension springs (Figure 38). The damping rate 

curve discussed in section 3.6.2 was also updated to reflect the additional force generated by these 

springs, as shown in Figure 41. Unloaded simulation data were collected using these updates. 

 

Figure 38: Modified mechanism with six extension springs, three per side 

Many papers exist describing bench testing, validation, and reliability of the IVDs discussed 

in Chapter 2. Table 7 in Appendix B describes each of the statistical methods used in these studies. 

Table 8 in Appendix C also summarizes the studies found in the literature regarding these IVDs. 

There is limited bench testing data available in the literature for devices providing constant 

opening speeds as only three currently exist. Only the automated intravaginal dynamometer and 

the improved automated intravaginal dynamometer designed in the MFM lab have published 

bench testing data looking at the reliability of the opening speeds with and without loading. For 

both devices, opening speeds were validated using linear regressions and Bland-Altman analyses.  

While Bland-Altman analyses cannot be used to validate the output speeds of the device as the 

speeds are not set in a control system like they are for linear actuator-controlled devices, they can 
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be used to determine how well the Simulink simulation represents the real-world output of the 

prototype. Linear regression analyses and two-way ANOVAs were used to investigate the effect 

of loading on the mechanism opening speed. Intra-class correlation coefficients were used to 

evaluate the repeatability of speeds output by the mechanism.  

The objectives of this validation chapter were to:  

(1) determine the unloaded output speed of the new mechanism prototype and compare it to 

the simulation data updated to include the additional two springs and new damping rate curve data, 

(2) determine the effect of loading on the output speed of the new mechanism prototype, and 

(3) evaluate the test re-test reliability of both the unloaded and loaded speed data acquired 

using the mechanism. 

4.1. Methods 

Experimental Setup 

To validate the speed output of the updated intravaginal dynamometer mechanism, loaded and 

unloaded speed measurements were taken. Both experiments used the same base setup as shown 

in Figure 39. The mechanism was mounted to a sturdy table against a white background which 

also extended underneath the lower arm to ensure that the arms would be easily identifiable during 

video analysis. Black electrical tape was placed on the rear of both arms of the device to provide 

additional contrast for video analysis. A ruler was attached to the background, perpendicular to the 

arms to provide a scale for video analysis. An iPhone (Apple, California) was set up with a tripod 

at 0.6m from the device and parallel to the arms to limit the parallax effect. To set the mechanism 

speed, an input angle on the damper was selected (increasing the selected angle increases the 

damping rate of the damper). The order of damper set angles (0-180) was randomized to avoid 

bias. 
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Figure 39: Basic setup for all speed validations 

Procedure 

To perform the unloaded data collection, the dynamometer was closed using the clamp and the 

iPhone video recording started. The clamp was then released and quickly pulled away so that it 

would not inhibit the opening of the device. The video was allowed to run for 2 seconds after the 

device appeared to be fully opened to ensure that the entire opening of the device's arms was 

captured. This was repeated two additional times before proceeding to the next damper setting. To 

determine test re-test reliability, this procedure was completed three times with the entire system 

being shut off and restarted between test sessions.  

The loaded speed validation required a second researcher to load the device during opening. A 

Mark-10 Series 5 force gauge (Mark-10, New York) with MeasurLite software (Mark-10, New 

York) was used to load the device as shown in Figure 40. Using a flat attachment, the force gauge 

was used to load the upper arm at the center hump on the measurement arm. Once the device had 
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been closed with the bar clamp, the force gauge was zeroed, then the research assistant loaded the 

device. To synchronize the speed and loading data, the research assistant firmly tapped the Mark-

10 force gauge within view of the recording camera. They then loaded the device twice during 

opening, once at a moderate load (15-20N) and once at a high load (30-35N). The research assistant 

attempted to approximate the same loading between trials, but some variation was expected due to 

human error.  

Once the research assistant had performed a practice trial, the mechanism was once again 

closed and the MeasurLite software and video recording started. The device was then opened, and 

loading started after the initial acceleration. This procedure was repeated two additional times 

before moving to the next damper setting. To determine test-retest reliability this procedure was 

completed three times with the entire system being shut off and restarted between sessions. 

 

Figure 40: Loading setup for unloaded speed validation of the mechanism 
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 As two additional extension springs had been added to the mechanism (for a total of 6 extension 

springs) the collection of data for the damping rate curve used in the simulation was repeated using 

the same method described in Chapter 3 but with a 2.6 kg weight. The new damping rate curve is 

shown in Figure 41. 

 

Figure 41: Damping rate vs damper angle setting for the full range of settings with six extension 

springs 

Statistical Analysis 

To address the objectives of this chapter the following statistical analyses were performed: 

(1) Load and speed data were initially assessed for normality using histograms and visual 

inspection. Experimental and simulated unloaded output speeds were compared using a 

Bland-Altman analysis. Mean (SD) experimental output speed was determined for each 

damper angle setting.  

(2) Linear regression analyses were performed to determine the effect of loading on the 

opening speed of the device.  

(3) A two-way ANOVA was used to determine if there is a statistically significant interaction 

between loading configuration and damper angle setting and what effect these factors have 
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on the output speed. Residual analysis was performed to test the assumptions of the two-

way ANOVA. 

(4) To evaluate test re-test reliability, Intra-Class Correlation Coefficients (ICCs) were used to 

assess both the unloaded and loaded speed data. Reliability was considered poor when ICC 

≤ 0.40; fair when 0.40 < ICC ≤ 0.59; good when 0.60 < ICC ≤ 0.74; and excellent when 

ICC ≥ 0.75 [67].  

Statistical significance for all tests was determined using an  of 0.05.  

4.2. Results 

4.2.1. Objective 1 

On visual inspection (Figure 42), the simulated speed data generally agreed with the 

experimental speed data, almost always falling within one standard deviation. A Bland Altman 

analysis showed a significant but small mean difference (mean ± SD) of 0.44 ± 0.70 mm/s between 

the simulated and real-world experimental speed data (Table 4). While the mean difference is 

significant, it is also smaller than the error tolerance of the design criteria. This variation may be 

due to the method used to determine the damping curve or inaccuracies in the video analysis. This 

indicates that the simulation appears to be reasonably valid and adequately represents the real-

world experimental values. The experimental output speed values are generally faster than the 

simulation output speeds. 

Table 4: Simulated speed validation using a Bland Altman analysis 

Mean Difference Error (mm/s) Limits of agreement (mm/s) 

MD (mm/s) p SD SE LB UB 

0.44 0.003 0.70 3.61 -0.93 1.80 

MD, Mean Difference; STD, Standard Deviation; SE, Standard Error; LB, Lower Bound; UB, Upper Bound.  
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Figure 42: Output speed vs. damper angle setting across its full range (0-180°) for experimental 

and simulated output speed 

The standard deviations for the experimental data (9 points at each damper angle setting) 

ranged from 0.30 to 1.17 mm/s. While the standard deviations generally increased with increasing 

rotary damper angle, the coefficients of variation (CV), Table 5, ranged from 3.3% to 10.1% with 

no obvious pattern.  

Table 5: Standard deviation and coefficients of variation for all rotary damper angle settings 

Rotary Damper Angle 

Setting (°) 

Average speed 

(mm/s) 

Standard Deviation 

(mm/s) 

Coefficient of 

variation 

0 6.71 0.68 10.06 

22.5 7.94 0.30 3.84 

45 8.77 0.45 5.12 

67.5 9.42 0.31 3.31 

90 10.35 0.62 5.95 

112.5 10.99 0.78 7.14 

135 12.24 0.80 6.52 

157.5 12.64 0.95 7.53 

180 13.43 1.17 8.74 
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4.2.2. Objective 2 

In the regression analysis, significant slopes between output speed and load were mainly 

present at lower speeds (i.e. damper angle setting < 112.5°), see Table 9, Appendix G).  At damper 

angle settings ≥112.5°, output speed was not significantly affected by loading. In the regression 

analysis, the proportion of the variance explained by the model was generally low (-0.050 < 

adjusted R2 (adjR2) < 0.726) with lower adjR2 values observed at higher damper angle settings 

(angle setting > 157.5°). As the adjR2 values are generally low, the linear regressions did not fit 

the data well, and as such, the slopes may not be truly representative of the data. At all damper 

angle settings, the standard error of the estimate (SEE) for speed was high (1.262 mm/s < SEE < 

4.252 mm/s) relative to the opening speeds, which ranged from 6.20 to 10.71 mm/s. 

The output speed data were normally distributed, as assessed by the Shapiro-Wilk’s test (p > 

0.05), but did not have homogeneity of variances, as assessed by Levene’s Test of Equality of 

Error Variances (p = 0.008). There was one extreme outlier greater than 3 box lengths from the 

edge of the box in the boxplot. The two-way ANOVA analysis was run with this outlier removed. 

The data were transformed using log10 to obtain homogeneity of variance, as assessed by Levene’s 

Test (p = 0.089).  

For all angle settings, it appears that there is a decrease in speed when loaded but this effect 

varies by angle, generally increasing with increasing angles. Inspecting the graphical outputs of 

the two-way ANOVA shown below in Figure 44 it appears that there may be an interaction 

between damper angle setting and load status, however, the interaction was not significant (F(8, 143) 

= 1.771, p = 0.087, partial η2 = 0.090). 
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Figure 43: Estimated marginal means of output speed versus damper angle setting for both load 

statuses. Non-significant differences are labeled with *. 

 

Figure 44: Estimated marginal means of output speed versus loading condition for each damper 

angle setting. 
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. There were significant main effects of both damper angle setting (F(8, 143) = 180.989, p < 

0.001, partial η2 = 0.910) and load status (F(1, 143) = 73.341, p < 0.001, partial η2 = 0.339). 

As indicated in Figure 43, there were no differences in output speed between damper angle 

settings of 67.5º and 90º, 90º and 112.5º, 135º and 157.5º, 135º and 180º, and 157.5º and 180º but  

significant differences in output speed were seen between neighboring pairs of all other damper 

angle settings.  Loaded output speeds were found to be 1.094 mm/s (95% CI, 1.071 to 1.117) (log10 

transformation removed) lower than unloaded output speeds, (p < 0.001). 

4.2.3. Objective 3 

The ICC for test re-test measurements of the loaded speed showed excellent repeatability, with 

a mean ICC = 0.856 (95% CI = 0.678-0.935). For the unloaded speed, the ICC was similar to that 

of the loaded speed, at ICC=0.883 (95% CI = 0.493-0.961).  

4.3. Discussion 

The speed validation found that the mechanism output speeds were much lower than required 

and that they were significantly affected by loading. 

In terms of the validation of the simulation through testing the mechanism prototype, the 

simulation appears to be valid and to adequately represent the real-world experimental values. 

Factors such as friction and dimension tolerances may be the cause of the small discrepancies seen. 

It was unexpected that the real-world experimental speeds would generally be higher than the 

simulated speeds, as friction and dimensional tolerances would be expected to reduce the real-

world speeds relative to the simulation. This unexpected finding may be related to the method used 

to determine the damping rate curve used in the simulation (Section 3.6.2). The torque used was 

an average of the torque from the Simulink simulation and did not increase with opening. 

The linear regression results showed that the current mechanism output speeds are significantly 

affected by loading, especially at higher speeds. This may be due to the rapid loading to 15 and 35 

N used in this validation which did not adequately represent in vivo forces. Based on the simulated 

spring and PFM forces, a slow increase (opposing the spring force) in the PFM force should 
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partially account for the increase in spring force with the opening of the mechanism. If the data 

collection were repeated with slowly increasing PFM forces, the variations in speed may be lower 

as the increase in spring force will be closer to the counteracting increase in PFM force resulting 

in a more constant resulting force being transmitted to the damper. 

Under objective 2 we found that loading affects the output speed at all damper angle settings 

tested. This is somewhat consistent with the linear regression results which found that a large 

number of damper angle settings were significantly affected by loading. However, the linear 

regressions did not fit the data well and the results should be interpreted with this in mind. The 

two-way ANOVA also indicates that the damper may need to be adjusted by more than 22.5º to 

significantly change the output speed as several neighboring settings did not show a significant 

difference in output speed. As all assumptions for the two-way ANOVA were met, the results from 

the ANOVA can be considered robust. In sum, the rotary damper mechanism appears to be 

influenced by loading and thus the mechanism output speed is not reliable enough for use in this 

application. 

 Despite the significant impact of loading on the output speed, the ICC analysis suggests that 

the mechanism can reliably provide consistent speeds between trials when loaded and unloaded. 

This is not surprising as there should be no change in the mechanism with time unless there is 

damage to a component. 

On a final note, as noted in the methods, there is a short time as the device begins to open 

where high acceleration is observed. During testing the research assistant was asked not to load 

the device during this time as it would not reflect the overall opening speed of the device. Yet in 

clinical use, this acceleration would be present. Figure 45 shows a sharp increase to 120 mm/s in 

the instantaneous velocity as the mechanism initially opens, but the speed quickly drops and stays 

somewhat constant after that. As per the supplier’s website [68], the rotary damper has a play of 

approximately 5º at the beginning of movement. This means that initially, the damper is not 

resisting the springs, and therefore a large spike in velocity is seen. An additional small damper 

without the initial play could be added to reduce this effect, or the rotary damper could be 

customized to have no play. 
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Figure 45: Sample plot of the instantaneous opening speed of the mechanism for a damper angle 

setting of 0 º 

Based on the findings of this study, the mechanism was updated, and the validation was repeated, 

as presented in Chapter 5. 

-20

0

20

40

60

80

100

120

140

0 1 2 3 4 5

In
st

an
ta

n
eo

u
s 

O
p

en
in

g
 V

el
o

ci
ty

 

(m
m

/s
)

Time (s)



62 

 

Chapter 5. Updated Mechanism and Speed Validation 

 Based on the validation of the constant speed mechanism using a rotary damper presented in 

Chapter 4, a new damper with lower damping rates was deemed necessary.  This chapter outlines 

the selection of a new damper and a new speed validation of the updated prototype.  

5.1. New Damper Selection 

Based on an extensive internet search, no rotary dampers or combinations of rotary dampers 

were available that would provide an appropriate damping rate (Table 4). It was therefore decided 

that a linear damper would be used. Figure 46 below shows the updated prototype with the linear 

damper attached at a similar location to the rotary damper. As was determined in the undergraduate 

thesis discussed in Section 3.2 the location of the damper does not affect the forces transferred and 

the damper can be placed anywhere along the arms. This continues to be true for the linear damper, 

therefore the attachment location was based solely on the holes and slots that were already 

available and which could be used to add an extension to attach the top of the damper.  

 

Figure 46: Prototype of the updated constant speed mechanism design with a linear damper 

replacing the rotary damper 
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In this prototype, instead of generating torque through a rack and pinion, the sum of the force 

generated by the springs and PFMs is transferred directly to the linear damper. As the mechanism 

is allowed to open, the linear damper shaft extends, regulating the speed of opening.  

Using the Simulink model, it was determined that when the PFM force was subtracted from 

the force generated by the springs (with the 2 additional extension springs) the resulting force to 

the damper was, when averaged, approximately 147N. The required damping rates were calculated 

as shown in Table 6 using Eq. (17). 

𝐷𝑎𝑚𝑝𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 =  
𝐹𝑠𝑝𝑟𝑖𝑛𝑔 −  𝐹𝑃𝐹𝑀

𝑣
 

(17) 

Table 6: Damping rates required to provide the output speeds needed to use the constant speed mechanism 

in a clinical setting 

Speed (mm/s) Speed (in/s) Damping rate (N/mm/s) Damping rate (lbf/in/s) 

15 0.59 9.83 56.12 

25 0.98 5.90 33.67 

50 1.97 2.95 16.84 

 

The HBD-15-25 (ACE, Langenfeld) was selected as it had a range of extension forces from 36 

to 800N, an adequate extension distance of 25mm, and the maximum and minimum damping rate 

curve shown in Figure 53. To supplement curves provided by the manufacturer the linear damper 

was loaded from 61.38 to 249.37 N at three settings (Figure 53). Settings were: a fully closed 

orifice, two full turns from closed, and four turns from closed. Three trials were run at each load 

for each setting. By plotting the required values (green dots in Figure 53) determined above it was 

shown that this damper can provide the rates needed. Damping rate curves provided by the 

manufacturer can be found in Appendix F. It is important to note that, as the damper is adjusted 

by opening an orifice, the damping rate curves become less linear as the orifice is opened. While 

the damper will be used in its more linear, vertical range, nonlinearity may cause larger differences 

between loaded and unloaded speeds.  

 



64 

 

 

Figure 47: Force versus velocity curves from the linear damper. Red and blue curves are those 

provided by the manufacturer, all other curves represent experimentally collected data (trials at 

each load were averaged). Green dots indicate the ranges of opening speeds and force applied to 

the IVD application. 

5.2. Speed Validation Methods 

(1) The objectives of this validation were similar to those presented in Chapter 4: to determine 

the effect of loading on the output speed of the mechanism, and  

(2) to evaluate the test re-test reliability of the loaded speed data. 

Experimental Setup 

The experimental setup to validate the updated speed mechanism was nearly identical to that 

of the original speed mechanism validation described in Section 4.1. To set the mechanism speed, 

the linear damper was disconnected from the prototype at the top end and fully extended by hand 
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to engage the adjustment mechanism (two face gears) and rotated to increase or decrease the 

damping rate. When fully extended, two face gears are meshed allowing the orifice to be opened 

or closed. Due to the dimensions of the slots of the prototype arms, a hard limit is provided that 

stops the damper from fully extending while the damper is installed within the prototype, thus 

avoiding accidental damping rate changes. 

Procedure 

The same procedure as described in Chapter 4, Section 4.1 was used to validate the updated 

mechanism. As previously, test re-test reliability was determined using the three trials collected at 

each speed setting. 

Significant changes were made in the loaded speed validation of the updated speed mechanism. 

Since loading with the Mark-10 Series 5 force gauge was difficult to standardize, and rapid 

applications of load are not representative of what would occur in vivo, the dynamometer was 

statically loaded with calibration weights equivalent to 1, 10, and 20N (Figure 48). These loads 

are consistent with maximum passive PFM forces seen in publications [33], [41], [69], and 

sustained loading is more consistent with what would be seen in vivo. The mechanism was loaded 

with each load three times at each of three different speed settings (15 mm/s, 25 mm/s, and 50 

mm/s) reflective of the expected speeds to be used by clinicians. Test re-test reliability was 

determined between the three tests for each speed.  
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Figure 48: A: Loaded speed validation setup (mass of the bag was measured using a calibrated 

scale and taken into consideration); B: calibration weights used for the loaded speed validation. 

Statistical Analysis 

To address the objectives of this chapter the following statistical analyses were performed: 

(1) The effect of loading on output speed was evaluated using a two-way ANOVA, where 

output speed was the dependent variable and set speed and load were the main effects. 

Residual analysis was performed to test the assumptions of the two-way ANOVA.  

(2) Test-retest reliability of output speed was evaluated using Intra-Class Correlation 

Coefficients.  

Statistical significance for all tested was determined with   = 0.05.  
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5.3. Results 

5.3.1. Objective 1 

The output speed data were normally distributed, as assessed by the Shapiro-Wilk’s test (p > 

0.05), but did not demonstrate homogeneity of variances, as assessed by Levene’s Test of Equality 

of Error Variances (p < 0.05). Attempts to transform the data did not yield homogeneity of 

variance, which is likely due to the small sample size. Inspection of boxplots determined that there 

were no outliers. While the data were normally distributed, non-parametric analyses were 

performed due to the small sample size without homogeneity of variances. Therefore, the Friedman 

test was used to evaluate the impact of load and damper setting on output speed. Pairwise 

comparisons were performed with a Bonferroni correction for multiple comparisons.  

The mechanism output speed was influenced by load at all three damper settings (χ15(3) = 

8.200, p = 0.042; χ25(3) = 8.200, p = 0.042; χ50(3) = 9.000, p = 0.029). Post hoc analyses at the 15 

and 25 mm/s speed settings found no significant differences in output speed among the four 

loading conditions. However, at the 50 mm/s speed setting, the post hoc analyses suggested that 

output speed was higher (median=50.769mm/s) when unloaded compared to when it was loaded 

at 20 N (median = 45.978 mm/s); p = 0.027. 

5.3.2. Objective 2 

All ICCs were excellent (ICC=0.795 – 0.989), with the lowest ICC of 0.795 occurring at 50 

mm/s (Appendix H,  

Table 12), but should be interpreted with caution due to the small sample size. 

5.4. Discussion 

Based on the results of this validation, the updated mechanism is valid and reliable and 

produces output speeds that are in line with clinical specifications and that are minimally affected 

by loading. 
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Specifically, the analysis showed that the output speeds of the linear damper mechanism are 

only affected by loading at the 50 mm/s setting, indicating that the mechanism can function well 

under load at speeds of 15 and 25mm/s. At the 50 mm/s speed setting, loading of 20 N reduced the 

output speed by approximately 5 mm/s. As 20 N is at the high end of expected relaxed PFM forces, 

the mechanism may still perform well at this speed setting. A more detailed analysis should be 

performed with smaller steps between applied loads to determine the load threshold more 

accurately for the 50 mm/s setting. In comparison to the constant speed mechanism achieved using 

the rotary damper, this version of the mechanism appears to be able to provide the required speeds 

and to be less influenced by external loading.  

The excellent ICC values indicate that the device can consistently provide accurate speed 

outputs between trials, however, because this analysis was on a small sample size, the result should 

be interpreted with caution. Between-day reliability could be further investigated but should not 

differ from the within-trial reliability as we are investigating a mechanism and not a biological 

measurement.  
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Chapter 6. Discussion 

Existing IVDs are not well suited to the clinical environment due to their complex or fragile 

electronics. Many do not allow for consistent, controlled opening speeds, limiting their ability to 

measure the viscoelastic properties of the PFMs and to measure PFM forces at their optimal muscle 

length. The aim of this research was to design, build and assess the validity and reliability of a 

purely mechanical constant speed mechanism for use in a new IVD. The objectives of this work 

were to (1) build a proof-of-concept prototype mechanism for validating the speed output, (2) 

develop a realistic kinematic model of the mechanism using experimental data, (3) validate the 

unloaded and loaded output speed of the original rotary damper mechanism design, and (4) 

improve the mechanism design based on the speed validation and repeat the validation on the 

updated design. 

6.1.Summary of Results 

Using video analysis and a Mark-10 Series 5 force gauge, the speed output of the rotary 

damper-based constant speed mechanism was investigated. Linear regressions of the applied load 

and resulting output speed were used to determine the effect of loading on the output speed of the 

mechanism. The findings suggested that the output speed of the mechanism is affected when the 

arms are loaded. Model fits were generally low (low adjR2 and high SEEs) and as such these results 

may not accurately capture the effect of loading. The two-way ANOVA analysis also found that 

the output speed of the mechanism is affected by loading but that there is not a significant 

interaction between loading and damper angle setting. Both the loaded and unloaded ICCs for test 

re-test reliability were excellent which is not unexpected for a mechanical system. Unfortunately, 

the speeds generated by this mechanism were significantly lower than those required for clinical 

use. 

To increase the output speed of the mechanism, a linear damper was used which provided 

lower damping rates. The mechanism was once again validated in terms of unloaded and loaded 

speed outputs. The loading procedure was changed to use constant set loading values to reflect the 

real-world forces of the PFMs more closely than what was used in the testing of the mechanism 

with a rotary damper. The analysis confirmed that the output speeds from the mechanism matched 
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those required clinically and that the mechanism was much less impacted by loading. Output 

speeds were only significantly reduced by loading at the 50 mm/s speed setting, and only at the 

highest load (20 N). More data should be collected at additional loads to determine the load at 

which the output speed begins to decrease. Once again ICCs for test-retest reliability were 

excellent for the loaded speeds, indicating that the device can provide consistent opening speeds 

between trials. The outcome of this validation is a constant speed mechanism that can provide the 

opening speeds required clinically even when loaded by passive forces generated by the PFMs. 

6.2.The Kinematic Model 

The updated kinematic model matched real-world measurements much more closely than the 

original model. PFM muscle forces in the model were changed to reflect more accurately what 

would occur when the device is opened within the relaxed vaginal canal. Changes to spring 

dimensions yielded higher spring forces that increased as the device opened. While not initially 

thought to be ideal, this may help to reduce the effect of the forces of the PFMs which are inversely 

proportional to the spring force.  

Results from the updated kinematic model yielded much lower output speeds than originally 

expected. These results were confirmed by the unloaded speed validation of the original rotary 

damper mechanism. A Bland-Altman analysis showed that the kinematic model matches the real-

world experimental data from the prototype well, making it a useful tool from which a new damper 

could be designed, or a combination of dampers selected.  

6.3. Constant Speed Mechanism Design and Validation 

Output speed 

Despite the limitations seen in the updated kinematic model, a speed validation of the 

mechanism with the rotary damper was still performed to determine if the kinematic model was 

representative of real-world measures of speed and if the prototype performed well under loading. 

As expected, the opening speed of the mechanism was too low by a factor of 4 to 20 times and 

statistical analyses indicated that the output speed is significantly affected by loading. While a 

larger pinion could have been used to increase the torque, this would quickly make the mechanism 
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too large and heavy. For these reasons it was determined that a different damper was required. Due 

to the limited availability of rotary dampers (a commercial rotary damper with an acceptable 

damping rate range could not be sourced), a linear damper with a wide range of adjustable damping 

rates was found that met the requirements of the mechanism to provide the correct output speeds.  

Incorporating this linear damper into the mechanism provided the speeds required clinically 

while also being more immune to changes in speed induced by loading generated by the PFMs. 

However, there was a greater reduction in the speed of opening under load as the output speed was 

increased. Further investigation showed that the damping rate curves of this linear damper become 

less linear and have greater rates of change as the orifice is opened, leading to higher changes in 

speed over the same change in force at lower damping rates. This is likely why the output speed 

at the 50 mm/s setting is affected under load even at a load of 1 N. While this is a limitation of the 

mechanism, further research should be performed to determine if the decrease in speed under load 

will have a significant effect on the stiffness measured by the device. 

Friction 

Friction was a key issue identified in the prototype. While removing the rack and pinion did 

remove one key source of friction, it is still present in the slots in the main arms. During the 

operation of both mechanism versions, the bushings were noted to be catching within the slots, 

and at the low rotary damping speeds, the mechanism would occasionally jerk and slow due to 

friction. As bushings were used, a portion of this friction is likely due to poor machining of these 

slots, which needed to be filed to remove bumps and scratches. Better finishing should be explicitly 

requested in future iterations. 

Device size and weight 

Currently, 6 extension springs are used in this mechanism. This greatly increases the size of 

the mechanism and was only implemented as the mechanism is still in a prototyping stage and the 

springs were already available. A single extension spring should be used on each side of the lower 

bar to minimize the size of the mechanism. Based on the length and spring constant of the existing 

extension springs, a single extension spring can replace the 3 extension springs and would have a 

smaller diameter, further reducing the size of the mechanism. 



72 

 

While the linear damper does decrease the weight of the mechanism as it doesn’t require the 

rack and pinion it did increase the overall footprint. With more extensive modification, the 

mechanism could be built more compactly. This is especially possible if a custom linear damper 

is used.  

6.4.Recommendations and Next Steps 

Although the mechanism presented in this thesis can provide constant output speeds under 

load, the components used are large and cumbersome. The linear damper, while lightweight, has 

a large footprint and would make an IVD large and difficult to use while also being intimidating 

for patients. This current damper also provided a range of damping rates that far exceeds those 

required for this application.  It is possible that a custom linear damper could be designed with a 

smaller footprint, and concurrently be tuned more specifically to provide only those damping rates 

required for this mechanism. Indeed, the limitation in damping rates may also allow for the damper 

size to be reduced. 

The linear damper is difficult to adjust as it must be fully extended and turned a specific number 

of degrees to provide the correct damping rate for the desired speed. Currently, when the damper 

is then returned to its closed position, the shaft is free to rotate making it impossible to identify the 

positioning of the shaft in the previous adjustment. This makes it difficult to move between speed 

settings as the previous setting position is not known. If the same style of linear damper will be 

used, a mechanism should be implemented to indicate the current position of the shaft within its 

rotation to allow for easy adjustments. Alternatively, there are other methods to adjust the damping 

rate of a linear damper. Some linear dampers can be adjusted using knobs on their side, making it 

much easier to determine the current damping rate setting and removing the need to fully extend 

the damper for each adjustment. This type of damper was not used in this case as one was not 

available with the correct damping rates, but one could be custom designed to meet the mechanism 

requirements. 

While the mechanism was designed to house a damper placed perpendicularly (vertically) to 

the main arms, alternative damper positions could reduce the size of the overall mechanism. 

Rotating the damper 90° to be parallel with the main arms could greatly reduce the overall volume 
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of the device. Unfortunately, this would result in a varying force being applied to the damper across 

the opening of the device, making damper selection and tuning much more difficult. For example, 

if the damper was to be placed along the upper main arm, connected at one end to the sliding end 

of the crossbar and to the main arm at the other end (Figure 49), the resulting force applied to the 

damper would vary with the angle of the crossbar. Spring forces and damping rates would likely 

need to be modified to accommodate this change, and further analysis would be needed to 

determine if this configuration is possible. 

 

Figure 49: Alternate positioning for the linear damper 

An additional limitation of the current prototype mechanism is the force required to close the 

mechanism. While the linear damper requires marginal force to close, the combined force of the 

compression and extension springs as well as the aperture of the mechanism means that repeated 

closing of the device can become difficult for pelvic floor physiotherapists to manipulate. While 

the closing force is below the average grip strength of the 5th percentile of females [62], the large 

aperture makes applying this force difficult, given that handgrip strength is impacted by grip 

diameter [70]. As the maximum aperture of the device is set by clinical requirements and cannot 

be significantly changed, the closing force needs to be reduced. Unfortunately, the output force of 

the springs must also be much larger than the PFM force to ensure that the impact of the PFM 

force on operating speed is limited. The increase in spring force with change in aperture could be 

optimized to inversely match the increase in PFM force to further limit its effect. The kinematic 

model could allow for fine-tuning of this relationship, or a damper could be designed with highly 

constant damping rates that are minimally affected by changes in loading. In future versions of 
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this mechanism, designers should endeavor to balance constant speed requirements and closing 

force requirements to maximize the consistency of speeds across loading while also providing a 

mechanism that can be comfortably closed by the 5th percentile of females. 

Although the mechanical model of the device dictates that the location of the force on the 

dynamometer arm should not affect the opening speed, the moment generated as the force moves 

distally along the arm may affect the real-world device as surfaces and dimensions are not always 

exact. This should be investigated in the future to ensure that the mechanism functions well 

regardless of load position.  
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Chapter 7. Conclusion  

The literature review of Chapter 2 identified several limitations of existing IVDs for use in the 

clinical environment. Existing IVDs often do not provide constant opening speeds or do not open 

at all. The few IVDs with electromechanical opening mechanisms include complex and fragile 

systems that would not be well suited to the rigorous clinical environment.  

While the constant speed mechanism presented in this thesis requires modifications for 

implementation within an IVD, it can provide constant output speeds under PFM loading and 

eliminates key limitations of existing IVDs. A speed validation of this new mechanism showed 

promising results, with opening speeds in the range required for clinical use, minimal impact of 

loading on the opening speed, and excellent test-retest reliability. This work can help to advance 

the transfer of the new IVD mechanism to the clinical setting, where it can improve the 

measurement and monitoring of PFM strength and tone, removing the subjectivity of current 

methods.  
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Appendix A 

Pelvic Floor Muscle Disorders 

The pelvic floor is a set of muscles that create an inverted dome acting to close the inferior end 

of the pelvis. These muscles act to support the contents of the pelvic and abdominal cavity, 

maintain urinary and fecal continence and resist increases in intraabdominal pressure. These 

muscles also act to close the vaginal canal making it a convenient location to measure the 

properties of these muscles.  

 

Figure 50: Top-down view of the female pelvic floor. Reprinted with permission from Kaylee 

Brooks. 

Pelvic floor disorders including SUI, POP, and vulvodynia, whose root causes are still 

unknown, are thought to be linked to the strength and tone (the resistance of the muscles to passive 

movement [12]) of the PFMs [13]–[16]. Physiotherapy with exercises to improve strength and tone 

lead to improvement in over 50% of women with SUI and vulvodynia [7], [8], and 43% of women 

undergoing PFM training for mild POP reported an improvement in their symptoms [9]. Stress 

urinary incontinence is the involuntary leakage of urine due to physical exertion such as a cough 

or sneeze [71]. Vaginal pelvic organ prolapse is the descent of the pelvic organs, including the 
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bladder, uterus, or rectum into the vaginal canal [71]. Vulvodynia is defined as “vulvar pain of at 

least 3 months' duration, without a clear identifiable cause, which may have potential associated 

factors” [72]. 
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Appendix B 

Table 7: Summary of statistical methods used in the studies of intravaginal dynamometers 

STATISTICAL METHOD DESCRIPTION 

Intraclass Correlation 

Coefficient 

One of the most used statistics in evaluating clinometric 

properties of IVD measures of PFM force is the intra-class 

correlation (ICC), which is used to assess the repeatability of 

measures taken by the dynamometer (e.g., between raters, within 

raters, between days, within days, test-retest, etc.). The equations 

used to calculate the ICC coefficient vary based on the type of 

reliability being studied. Generally, the intraclass correlation 

compares the variability of different ratings for one participant or 

rater to the total variation across all ratings and all participants or 

raters [67]. The ICC categorizations proposed by Cicchetti [67] 

will be used to assess the reliability of PFM forces measured 

using the different IVDs described in the literature. Reliability is 

considered poor when ICC ≤ 0.40; fair when 0.40 < ICC ≤ 0.59; 

good when 0.60 < ICC ≤ 0.74; and excellent when ICC ≥ 0.75 

[67].  

Bland Altman Analysis Another commonly used approach to evaluating outcome 

reliability is the Bland-Altman analysis. [73]. On the x-axis of 

the plot is the mean of the two measurements while the y-axis is 

the difference between the two measures. The two key factors of 

a Bland-Altman plot are the mean difference between the two 

measures and the limits of agreement (usually based on a 

confidence interval of 95%; thus 1.96 times the standard 

deviation of the mean difference between values). The mean 

difference represents the level of bias in the data, while ideally, 
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at least 95% of the data should lie within the limits of agreement 

[73].  

Coefficient of Repeatability The repeatability coefficient is “the value below which the 

absolute differences between two measurements would lie with 

0.95 probability” [74] and is calculated as 2.77 times the within-

subject standard deviation [74] or “±2 times the standard 

deviation of the difference” [37]. The acceptability of the limits 

generated by the repeatability coefficient are determined by the 

clinician based on the application but should ideally be close the 

zero [37].  

Coefficient of Dependability The coefficient of dependability is similar (but not identical to) 

to the intra-class correlation coefficient and is the ratio between 

the subject variance and the total variance [38]. This coefficient 

estimates the dependability (or agreement and consistency) of a 

measurement range between 0 and 1, with 1 representing no error 

or absolute dependability [75].   

Standard Error of the Mean The standard error of the mean (SEM) measures how 

representative the sample mean is of the true population mean 

[76]. SEM can be estimated as the sample standard deviation 

divided by the square root of the sample size but to determine the 

true value the standard deviation of the whole population is 

needed, which is most often not available [76].  

Lin’s Concordance 

Correlation Coefficient 

Lin’s concordance correlation coefficient (CCC) is used to 

determine the agreement between a new method and an existing 

gold standard when measuring the same variable [77]. The CCC 

can vary between -1 and 1 where 1 represents perfect agreement 

between the two measurement methods [77]. 
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Pearson’s Correlation The Pearson’s correlation coefficient measures the statistical 

relationship between two continuous variables [78]. A value of 

±1 indicates and perfectly linear relationship while 0 indicates no 

relationship [78]. Pearson’s correlation coefficients are not 

considered to be good measures of reliability as a high 

correlation coefficient does not reflect an absence of bias [79]. 

Survival-Agreement Plot The survival-agreement plot is a graphical method to assess the 

agreement between two [80] measurement methods. The 

absolute difference between the two measurements is reported on 

the x-axis while the y-axis is the proportion of discordance 

between the two measurements [80]. As the level of acceptable 

discordance decreases between the two measurement methods, 

their agreement generally decreases.  At higher discordance 

levels, the agreement may increase. These plots can be used to 

determine if agreement is acceptable at the clinical level of 

tolerance [80]. 

Receiver Operating 

Characteristic (ROC) 

Curves 

ROC curves are commonly used to evaluate the diagnostic 

accuracy of a test or device. A ROC curve is a plot of the 

sensitivity of a measure against 1 minus its specificity. 

Sensitivity refers to the ratio of true positives to the number of 

true positives and false negatives [81] while specificity refers to 

the ratio of true negatives to the number of true negatives and 

false positives [81]. Ideally, a measurement would have both 

sensitivity and specificity of 1, but this rarely occurs [82]. The 

area under the ROC curve can be used to determine the 

diagnostic accuracy of the measurements of a test or device [82] 

using different thresholds or cut-off scores. The higher the area 

under the curve (maximum of 1) the more “clinically useful” the 
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measurement is [83]. Fan et al indicates an area under the curve 

greater than 0.75 as being “clinically useful” [83]. 

Student’s T-Test The student’s t-test is used to determine if the mean difference 

between two samples is statistically significant [84], thus is a test 

for bias between raters or days. 

Two-way ANOVA A two-way ANOVA is a statistical test used to determine 

whether the mean of a continuous dependent variable is affected 

by at two other variables [85]. A two-way ANOVA can also be 

used to determine if these two variables have an interaction 

effect on the dependent variable [85]. 

Friedman’s test The Friedman’s test is a “rank-based, nonparametric test for 

several related samples” [86]. While often used to investigate 

different treatments it can also be used in other similar situations 

[86]. 
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Appendix C 

Table 8: Summary of bench testing, validation, and reliability studies performed for IVDs in the literature 
 

DEVICE BENCH TESTING CONCURRENT VALIDITY RELIABILITY/REPEATABILITY 

The instrumented 

speculum [45], [46] 

Calibration: 

• The bias is less than 3% of the 

average maximum force 

measured across 3 days 

No data Sampselle et al. 1998 [45] 

Population: not provided 

Repeatability 1998: 

• Between minute measurements 

were within 13% of each other  

• Between weeks measurements 

were within 27% of each other  

Miller et al. 2007 [46] 

Population: Nulliparous women without a 

history of UI 

All analyses performed for maximum 

voluntary contractions (MVC) of the PFMs 

(mean MVCs ranged from 4.9 to 6.9 N) 

Repeatability analysis: 

• Within day repeatability 

coefficient (between two MVCs): 

o Visit 1:   4.2 N 

o Visit 2:   4.1 N 

o Visit 3:   3.8 N 

• Between day repeatability 

coefficient (taking the best of two 

trials at the visit) 
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o Visit 1 versus visit 2:  

8.2 N 

o Visit 1 versus visit 3:  

7.8 N 

o Visit 2 versus visit 3:  

5.5 N 

• Repeatability coefficient values are 

high, the author attributes this to 

the lack of motor control in the 

PFMs 

Coefficient of Dependability: 

• Within day repeatability of 0.88 

Standard Error of the Mean (SEM): 

• Within day SEM of 1.49 (21% of 

mean PFM force) 

The vaginal probe [47] Calibration: 

• Against Instron 5869 from 2-

45N yielding an R2 of 0.98 

No data No data 

The improved 

instrumented speculum 

[49] 

No data t-test: 

• Mean maximum voluntary 

contraction for women with 

good/excellent PFM strength 

was significantly greater (3.8 ± 

1.8 N) than those with poor/fair 

PFM strength (2.0 ± 0.8 N) 

(t=3.0, p=0.004) (subjective 

ratings measured using digital 

palpation) 

Population: Females with self-reported SUI 

Pearson’s correlation of the mean maximum 

voluntary contraction between visits 1 and 

2: 

• mean values were not significantly 

different (P = 0.969) and had an r 

= 0.603 

Bland-Altman analysis (for maximum 

voluntary contraction of the PFMs): 
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Pearson’s correlation between maximum 

voluntary contraction and intra-

abdominal pressure: 

• r = -0.26, P=0.109 (not 

significantly correlated) 

 

• Between day/visit repeatability 

coefficient of  3.1 N 

• Mean difference of 0.01 N 

The Dinamômetro 

Vaginal [36] 

No data No data Population: Young nulliparous females 

without a history of urogynecological 

complaints 

Intra-class correlation: 

• Intra-rater 1: 

o Maximum voluntary 

contraction ICC = 0.96 

o Average of the maximum 

voluntary contraction 

curve ICC = 0.96 

o Endurance (time during 

which participant 

maintained contraction 

above 60% of maximum 

voluntary contraction) 

ICC = 0.88 

• Intra-rater 2: 

o Maximum voluntary 

contraction ICC = 0.95 

o Average of the maximum 

voluntary contraction 

curve ICC = 0.94 

o Endurance ICC = 0.86 

• Inter-rater: 

o Maximum voluntary 

contraction ICC = 0.96 
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o Average of the maximum 

voluntary contraction 

curve ICC = 0.97 

o Endurance ICC = 0.92 

Bland-Altman analysis for inter-rater 

reliability within visits:  

• Maximum voluntary contraction: 

o Limits of agreement 

ranging from -0.71 N to 

0.61 N  

o Mean differences from  

-0.08 to -0.04 N 

• Average of the maximum 

voluntary contraction curve: 

o Limits of agreement 

ranging from -0.31 N to 

0.23 N  

o Mean differences from  

-0.05 to -0.04 N (showing 

some bias) 

• Endurance: 

o Limits of agreement 

ranging from -3.5 to 3.3s  

o Mean differences from  

-0.6 to 0.1s 

The removable sensor 

speculum [50] 

Inter-intra speculum linearity test:  

• Test to ensure that calibrations 

were still linear regardless of 

speculum sensor pairing (to 

ensure any sensor could be used 

with any speculum) 

• R2 from 0.972 to 0.999 

t-test for the vaginal dynamometer 

versus instrumented speculum:  

• significant differences were 

seen for in air (no load) and 

resting measurements of 

maximum voluntary 

contractions of the PFMs 

(values not provided) 

No data 
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The Pelvimetre® [87] No data Linear regressions for correlation 

(measuring maximum voluntary 

contractions of the PFMs, only r2 values 

provided): 

• Manometry (Peritron® 

Periniometer) vs dynamometry 

(Pelvimetre®): r2 = 0.75 

• Palpation (Modified Oxford 

scale) and dynamometry: r2 = 

0.52 

Population: Females with a history of pelvic 

floor disfunction (UI, POP) 

Lin’s Concordance Correlation Coefficient: 

• Intra-rater reliability of maximum 

voluntary contractions of 0.96 

(95%CI = 0.92-0.99) 

• Inter-rater reliability of maximum 

voluntary contractions of 0.93 

(95%CI = 0.83-0.97) 

Bland-Altman analysis for maximum 

voluntary contractions of the PFMs (values 

were not reported and are estimates from 

provided graphs): 

• Intra-rater reliability: 

o Limits of agreement of 

approximately -1.13 to 

0.98 N 

o Mean difference of 

approximately -0.05 N 

• Inter-rater reliability: 

o Limits of agreement of 

approximately -1.77 to 

1.77 N 

o Mean difference of 

approximately 0 N 

The vaginal 

dynamometer by 

Romero-Culleres et al. 

[35] 

No data ROC analysis for diagnostic accuracy of 

the dynamometer versus digital 

palpation (current clinical standard) for 

measuring maximum voluntary 

contractions (the ability of the 

dynamometer to measure strength 

Population: Females with only SUI (no other 

pelvic floor dysfunctions) 

Intra-class correlation for measurements of 

maximum voluntary contractions: 
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differences between digital palpation 

scores): 

• Area under the curve of 0.85 

(95%CI = 0.77-0.93) 

• Intra-rater ICC of 0.98 (95%CI = 

0.968–0.985) 

Bland-Altman analysis of intra-rater 

reliability of maximum voluntary 

contractions: 

• Limits of agreement of -0.255 to 

0.215 N 

• Mean difference of -0.02 N 

Survival-agreement plot for intra-rater 

reliability of measures of maximum 

voluntary contractions: 

• Difference between the two 

different measurements ≤ 0.05N in 

50% of patients 

• Difference between the two 

different measurements ≤ 0.22N in 

90% 

Bidirectional and 

Variable-Opening 

Equipment  [54] 

No data No data Population: Young nulliparous females 

without UI or POP 

Intra-class correlation for between day 

measurements of maximum voluntary 

contractions: 

• Between weeks 1, 2 and 3 

o Anteroposterior force ICC 

= 0.78 

o Left-right force ICC = 

0.48 

• Between weeks 1 and 2 

o Anteroposterior force ICC 

= 0.71 
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o Left-right force ICC = 

0.46 

• Between weeks 2 and 3 

o Anteroposterior force ICC 

= 0.89 

o Left-right force ICC = 

0.72 

Standard Error of the Mean for measures of 

maximum voluntary contraction between 

weeks 1, 2, and 3: 

• Anteroposterior force SEM = 1.96 

N (70.2% of the average force) 

• Left-right force SEM = 1.86 N 

(44.3% of the average force) 

The vaginal 

dynamometer 

Parezanovic – Ilic et al. 

[56] 

No data No data No data 

The Montreal 

dynamometer [39], [88] 

Doumoulin et al. 2003 [88]: 

Calibration: 

• Against calibration weights 

from 0-15N yielding an R2 of 

0.999 

Test-retest repeatability (two trials) using 

Student’s t-test: 

• Slope t = 0.12; P > 0.50 

• Elevation t = 0.1; P > 0.50 

Position load analysis: 

No data Morin et al. 2007 [39]: 

Population: Parous females with diagnoses 

of SUI 

Index of dependability (ɸ) and SEM to 

evaluate the test re-test reliability of the 

speed of maximal contraction:  

• Rate of force development 

o ɸ = 0.92, SEM = 1.39 N/s 

• Number of contractions in 15s 

o ɸ = 0.79, SEM = 1 

• Maximal strength 

o ɸ = 0.79, SEM = 1.00 N 
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• Between 2.5 and 3.5 cm from tip 

of branch 

o Slope t = 0.21, P > 0.50 

o Elevation t = -0.27, P > 

0.50 

• Between 3.5 and 4.5 cm from tip 

of branch 

o Slope t = -0.004, P > 

0.50 

o Elevation t = 0.036, P > 

0.50 

Hysteresis:  

• 0.00006% 

Drift: 

• Less than 0.003N in 1 hour 

 

Index of dependability (ɸ) and SEM to 

evaluate the test re-test reliability maximal 

contraction endurance: 

• Normalized area under the curve 

o ɸ = 0.81, SEM = 298 %s 

All reliability values (ɸ) were deemed to be 

excellent when rated on an ICC scale (as the 

index of dependability is similar to the ICC) 

Morin et al. 2008 [40]: 

Population: Postmenopausal females with 

diagnoses of SUI 

Index of dependability (ɸ) and SEM were 

used to evaluate the test re-test reliability of 

all measurements: 

1. Passive resistance in closed 

position:  

• One trial 

o ɸ = 0.56, SEM = 0.34 N 

• Mean of two trials 

o ɸ = 0.57, SEM = 0.34 N 

 

2. Passive resistance at maximal 

aperture:  

• One trial 

o ɸ = 0.81, SEM = 0.58 N 

• Mean of two trials 

o ɸ = 0.82, SEM = 0.57 N 

 

3. Passive elastic stiffness in closed 

position:  
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• One trial 

o ɸ = 0.66, SEM = 0.03 

N/mm 

• Mean of two trials 

o ɸ = 0.74, SEM = 0.03 

N/mm 

 

4. Passive elastic stiffness at maximal 

aperture:  

• One trial 

o ɸ = 0.70, SEM = 0.11 

N/mm 

• Mean of two trials 

o ɸ = 0.75, SEM = 0.10 

N/mm 

These reliability values (ɸ) were deemed to 

be excellent when rated on an ICC scale (as 

the index of dependability is similar to the 

ICC) 

The vaginal device [42] No data No data Population: Females with no history of UI 

Bland-Altman analysis of between-day 

repeatability of maximum voluntary 

contractions at multiple apertures: 

• Limits of agreement ranging from -

6 to 5 N 

• Narrowest limits of agreements for 

aperture 30-40 mm 

• Mean differences ranging from -0.5 

to 0.25 N 

Coefficients of Variation (CV) for between 

day repeatability of maximum voluntary 

contractions at a range of apertures: 
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• 30 mm aperture = 22% 

• 35 mm aperture = 15% 

• 40 mm aperture = 11% 

• 45 mm aperture = 10% 

• 50 mm aperture = 8% 

The dynamometric 

speculum [43] 

No data No data Found an increase in passive elastic stiffness 

with increasing aperture, consistent with the 

properties of skeletal muscles. 

Direction sensitive 

sensor probe [22] 

No data No data No data 

The instrumented 

elastometer [60], [89] 

Kruger et al. 2015 [60]: 

Calibration: 

• Against standard forces of 0-

10N at multiple apertures 

Calibration Validation: 

• Loaded with a spring of known 

constant extended to specific 

apertures, the same procedure 

performed with Instron 5800 

yielded an R2 of 1.000 

No data Kruger et al. 2011 [89]: 

Population: no data 

Intra-class correlation for between day 

measurements of passive stiffness of the 

PFMs (test 1 not included): 

• Test 2 ICC = 0.92 (95%CI = 0.89 – 

0.93) 

• Test 3 ICC = 0.86 (95%CI = 0.82 – 

0.89) 

Bland-Altman analysis for test-retest on day 

1 of passive stiffness of the PFMs (test 1 not 

included): 

• Limits of agreement of -2.79 to 

2.31 N 

• Mean difference of -0.21 N 

Kruger et al. 2015 [60]: 

Population: No data 
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Intra-class correlation for within procedure 

repeatability of passive stiffness of the PFMs 

(1st of 3 measures not included): 

• 0.986 (95%CI = 0.964 – 0.994) 

Intra-class correlation for between procedure 

reproducibility of passive stiffness of the 

PFMs (1st of 3 measures not included): 

• 0.934 (95%CI = 0.779 – 0.981) 

Bland-Altman Analysis for within procedure 

repeatability of passive tissue stiffness of the 

PFMs (1st of 3 measures not included): 

• Limits of agreement of -59.3 to 60 

N/m 

• Mean difference of 0.3 N/m 

Bland-Altman Analysis for between 

procedure reproducibility of passive 

stiffness of the PFMs (1st of 3 measures not 

included): 

• Limits of agreement of -85 to 110 

N/m 

• Mean difference of 18.5 N/m 

The automated 

intravaginal 

dynamometer [33] 

No data No data Population: Nulliparous females without risk 

factors for pelvic floor disfunction including 

UI and POP 

Intra-class correlation for between trial 

reliability of measures of maximum 

voluntary contractions at multiple apertures: 

• 25 mm aperture: 
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o Visit 1 ICC = 0.91 (95%CI 

= 0.82 – 0.96) 

o Visit 2 ICC = 0.95 (95%CI 

= 0.89 – 0.98) 

• 35 mm aperture: 

o Visit 1 ICC = 0.94 (95%CI 

= 0.86 – 0.98) 

o Visit 2 ICC = 0.95 (95%CI 

= 0.90 – 0.98) 

Intra-class correlation for between trial 

reliability of measures of PFM stiffness at 

multiple opening speeds (40 mm aperture): 

• 25 mm/s: 

o Visit 1 ICC = 0.56 (95%CI 

= 0.24 – 0.77) 

o Visit 2 ICC = 0.75 (95%CI 

= 0.47 – 0.90) 

• 50 mm/s: 

o Visit 1 ICC = 0.77 (95%CI 

= 0.56 – 0.88) 

o Visit 2 ICC = 0.93 (95%CI 

= 0.83 – 0.97) 

Intra-class correlation for between trial 

reliability of measures of maximum 

voluntary contractions at multiple apertures: 

• 25 mm aperture ICC = 0.82 (95%CI 

= 0.51 – 0.93) 

• 35 mm aperture ICC = 0.87 (95%CI 

= 0.64 – 0.95) 

Intra-class correlation for between trial 

reliability of measures of PFM stiffness at 

multiple opening speeds (40 mm aperture): 
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• 25 mm/s ICC = 0.77 (95%CI = 0.40 

– 0.91) 

• 50 mm/s ICC = 0.77 (95%CI = 0.43 

– 0.91) 

The improved 

automated intravaginal 

dynamometer [41], [51] 

Czyrnyj et al. 2019 [51]: 

Load Calibration Validation: 

• Linear regression against 

Instron 4482 from 0 – 28 N 

yielding adjR2 of 1.0, slope of 

0.950 and no significant 

intercept 

Bland-Altman Load Validation: 

• Limits of agreement of -1.711 to 

0.055 N 

• Significant mean difference of -

0.828 N 

Speed Calibration Validation: 

• Linear regressions against video 

analysis of speeds from 25 to 50 

mm/s yielded adjR2 values > 

0.950, slopes ranging from 

0.874 to 0.980 and non-

significant intercepts 

Bland-Altman Speed Validation: 

• Limits of agreement ranging 

from -9.489 to 2.363 mm/s  

No data No data 
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• Mostly significant mean 

differences ranging from -3.987 

to -0.809 mm/s 

Czyrnyj et al. 2021 [41]: 

Load Calibration Validation: 

• Linear regression against 

Instron 4482 from 0 – 24 N on 

each arm and their average 

yielding 0.96 < adjR2 < 0.98, 

slopes from 1.05 to 1.16 and no 

significant intercept 

Bland-Altman Load Validation: 

• Limits of agreement ranging 

from -1.21 to 6.27 N 

• Significant mean differences 

from 0.84 to 1.68 N 

Linear Regression for Unloaded Speed 

Validation: 

• Linear regressions against video 

analysis of speeds from 25 to 50 

mm/s yielded adjR2 values > 

0.96, slopes ranging from 0.89 

to 0.98, and non-significant 

intercepts 

Bland-Altman Analysis for Unloaded 

Speed Validation: 

• Limits of agreement ranging 

from -9.49 to 2.36 mm/s  
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• Mostly significant mean 

differences ranging from -3.99 

to -0.81 mm/s 

Linear Regression for Loaded Speed 

Validation: 

• Linear regressions against video 

analysis of speeds from 25 to 50 

mm/s yielded adjR2 values > 

0.97, slopes ranging from 0.86 

to 1.13 and significant intercepts 

for speeds 35 mm/s and above 

Bland-Altman Analysis for Loaded 

Speed Validation: 

• Limits of agreement ranging 

from -9.20 to 4.38 mm/s  

• Mostly non-significant mean 

differences ranging from -3.75 

to 0.58 mm/s 

Linear Regression for Position-Load 

Validation: 

• Linear regressions against 

Instron 4482 yielded adjR2 

values of 1.00, slopes ranging 

from 0.99 to 1.00, and some 

significant intercepts (88, 105, 

and 139 mm from the arm base) 

Bland-Altman Analysis for Position-

Load Validation: 

• Limits of agreement ranging 

from –0.27 to 0.96 N  
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• Significant mean differences 

ranging from 0.33 to 0.41 N 
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Appendix D 

Load System Validation  

Load System Selection:  

Previous dynamometer designs in MFM Lab have used Transducer Techniques 5kg 

Economical Bending Beam (EBB) Load Cells (Transducer Techniques, Temecula, CA). These 

load cells have functioned well in these devices, requiring minimal calibrations, and providing 

reliable force measurements [41]. A key design aim of the new IVD was to create a low-cost device 

affordable to clinicians. Two EBB load cells ($99.00 each) are needed per device therefore the 

cost of the proposed device would easily exceed $200 (excluding the cost of other components). 

If the device is to be maintained at an affordable price (preliminary consultations suggest $500-

$1000) these load cells would significantly decrease the profit margins. Previous MFM Lab 

dynamometers also used custom-designed amplification boards that require hand calibration and 

can be easily damaged during adjustment.  

To reduce the cost of the load measurement system new significantly lower cost load cells have 

been selected and new digitally calibrated amplification boards have been selected. The TAL220B 

5kg load cell (HT Sensor Technology, Xi’an, China) from HT Sensor Technology was selected to 

replace the EBB-5 due to its low cost ($16.92 each) and similar specifications. The HX711 load 

cell amplification board (Sparkfun Electronics, Niwot, CO) was chosen from Sparkfun Electronics 

due to its low cost and ease of use. This board can be quickly paired with an Arduino Uno where 

data can be streamed, and the board can be calibrated. While future works may result in a custom-

designed data collection and display system this is beyond the scope of this work.  

1. Methods  

Test-Retest Load System Validation:  

Load cells were initially calibrated using a code provided by SparkFun Electronics (Appendix 

E) using an applied load of 4.905N. To validate the low-cost load cells and amplification board 

selected for this device a load validation was performed. The mechanism was secured to a table 
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with the load cells extended slightly over the edge. The loading arm seen in Figure 51 was then 

attached to the load cell being validated to ensure consistent load placement. As with the speed 

validation, the load application order was randomized to avoid bias. The load cells were loaded 

with calibration weight of known mass in 2N increments (0-35N) with three repetitions of each 

load. Data was streamed through an Arduino to a computer. The Arduino code provided a 4-second 

delay in data collection to allow for the calibration weights to be applied and stabilize and then 

100 data points were collected at a sampling rate of 9600Hz. The resulting data were then averaged 

in Excel to yield a single value for each trial. To determine the between-day reliability of the load 

cells and load cell amplifier this procedure was repeated two days later. 

 

Figure 51: Dynamometer loading arm for load cell validation 
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2. Results 

  

Figure 52: Load cell reading versus calibration weight value for load cells 1 and 2 
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Table 1 Load validation of the intravaginal dynamometer (IVD) using univariate linear regression and Bland Altman analyses.  

CI, Confidence Interval; β1, Slope; β0, Intercept; AdjR2, Adjusted R-square; SEE, Standard Error of Estimate; MD, Mean Difference; STD, Standard Deviation; SE, Standard Error; LB, Lower Bound; 

UB, Upper Bound.  

 

 

 

 

 

 

Day Load Cell Slope Intercept 
Model Fit 

 Mean  

Difference  
Error 

Limits of 

Agreement 

  β1 95% CI p Β0 95% CI p AdjR2 SEE   MD p STD SE LB UB 

Day 1 

1 1.000 (1.000, 1.001) <0.001 -0.807 (-1.712, 0.099) 0.080 1.000 1.723  -0.002 0.413 0.017 0.015 -0.040 0.030 

2 1.000 (0.999, 1.001) <0.001 -0.997 (-2.505, 0.551) 0.205 1.000 2.908  -0.0118 0.0035 0.028 0.042 -0.070 0.040 

Day 2 

1 1.000 (0.997, 0.998) <0.001 0.025 (-0.347, 0.397) 0.894 1.000 0.708  -0.045 <0.001 0.029 0.002 -0.100 0.010 

2 1.000 (0.999, 0.999) <0.001 -0.648 (-0.821, -0.475) <0.001 1.000 0.329  -0.023 <0.001 0.011 5.431 x 10-4 -0.040 0.000 
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The load validation (Table 1) revealed a strong linear relationship from 0 to 34N between 

forces applied by the calibration weights and measured by the load cells. The linear regression 

models showed slopes (β1) of 1.000, no significant intercepts, low standard errors of the estimate 

(SEE; 1.723N<SEE<2.908N), and perfect model fit (adjusted R2 = 1.000). The 95% CI of the 

model slopes for load cells 1 and 2 respectively were 1.000<ß1<1.001 and 0.999<ß1<1.001.  

Bland-Altman analyses revealed no significant mean differences (MDs) for all load validation 

testing (Table 1). Mean differences (mean ± standard deviation) were between -0.002N ± 0.017N 

(load cell 1) and -0.0118N ± 0.028N (load cell 2).  

ICC for between day measurements showed excellent correlation with an ICC of 1.000 and 

95% CI of 1.000-1.000 for both load cells.  

3. Discussion 

Force measurements from this new load cell system showed strong linear relationships with 

the applied calibration weights and the 95% CIs of the model slopes for both load cells were very 

close to or at one. The regression models did not show significant intercepts and had slope values 

equal to one. The ICC for between day measurements for both load cells showed perfect 

correlations. 

The current load cell calibrations and measures appear to be valid despite the simplicity of the 

single-point calibration. This is an important improvement from the previous MFM Lab design 

which required a 31-point calibration which still yielded results with a “bias in the order of 1N” 

[41]. Longer-term testing should be undertaken to ensure that the calibration of the system can 

withstand the repeated daily use of the device and extended storage of the device. In the clinical 

environment, the device cannot be calibrated frequently, and ideally, only yearly maintenance 

would be needed where the device could be recalibrated.  

The overall design of this device and the configuration of the load cells continues to share a 

limitation common among many of the research IVDs [33], [34], [36], [37], [42], [49]–[51], [56], 

[60], [87], [90], [91]. These devices measure only the forces applied perpendicularly to the arms 

in the anteroposterior plane. In reality, the many muscles of the pelvic floor generate a “lift and 
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squeeze” action [92] which is not fully captured by the device. The lift action in the cranial-caudal 

plane is not measured but may be relevant [23]. 

The simplicity of this system makes it far more suited to the clinical setting. All that is required 

is a simple microcontroller and the HX711 chip. For this testing, an Arduino UNO and HX711 

breakout board were used but the system could easily be simplified to include a custom 

microcontroller with the HX711 chip. The extensive instrumentation of research devices is not 

needed clinically as the device will be used for a limited number and type of tests.  

4. Conclusion  

The new load cell system demonstrates valid load measurements at a greatly reduced cost with 

improved functionality for the clinical environment. Future work includes longer-term 

performance testing of the system under the expected workload to ensure that calibrations will 

remain reliable between scheduled maintenance. 
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Appendix E 

SparkFun Load Cell Calibration Arduino Code 

/* 

 Example using the SparkFun HX711 breakout board with a scale 

 By: Nathan Seidle 

 SparkFun Electronics 

 Date: November 19th, 2014 

 License: This code is public domain but you buy me a beer if you use this and we mee

t someday (Beerware license). 

 

 This is the calibration sketch. Use it to determine the calibration_factor that the 

main example uses. It also 

 outputs the zero_factor useful for projects that have a permanent mass on the scale 

in between power cycles. 

 

 Setup your scale and start the sketch WITHOUT a weight on the scale 

 Once readings are displayed place the weight on the scale 

 Press +/- or a/z to adjust the calibration_factor until the output readings match th

e known weight 

 Use this calibration_factor on the example sketch 

 

 This example assumes pounds (lbs). If you prefer kilograms, change the Serial.print(

" lbs"); line to kg. The 

 calibration factor will be significantly different but it will be linearly related t

o lbs (1 lbs = 0.453592 kg). 

 

 Your calibration factor may be very positive or very negative. It all depends on the 

setup of your scale system 

 and the direction the sensors deflect from zero state 

 This example code uses bogde's excellent library: https://github.com/bogde/HX711 

 bogde's library is released under a GNU GENERAL PUBLIC LICENSE 

 Arduino pin 2 -> HX711 CLK 

 3 -> DOUT 

 5V -> VCC 

 GND -> GND 

 

 Most any pin on the Arduino Uno will be compatible with DOUT/CLK. 

 

 The HX711 board can be powered from 2.7V to 5V so the Arduino 5V power should be fin

e. 
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*/ 

 

#include "HX711.h" 

 

#define DOUT  3 

#define CLK  2 

 

HX711 scale; 

 

float calibration_factor = -7050; //-7050 worked for my 440lb max scale setup 

 

void setup() { 

  Serial.begin(9600); 

  Serial.println("HX711 calibration sketch"); 

  Serial.println("Remove all weight from scale"); 

  Serial.println("After readings begin, place known weight on scale"); 

  Serial.println("Press + or a to increase calibration factor"); 

  Serial.println("Press - or z to decrease calibration factor"); 

 

  scale.begin(DOUT, CLK); 

  scale.set_scale(); 

  scale.tare(); //Reset the scale to 0 

 

  long zero_factor = scale.read_average(); //Get a baseline reading 

  Serial.print("Zero factor: "); //This can be used to remove the need to tare the sc

ale. Useful in permanent scale projects. 

  Serial.println(zero_factor); 

} 

 

void loop() { 

 

  scale.set_scale(calibration_factor); //Adjust to this calibration factor 

 

  Serial.print("Reading: "); 

  Serial.print(scale.get_units(), 1); 

  Serial.print(" lbs"); //Change this to kg and re-adjust the calibration factor if y

ou follow SI units like a sane person 

  Serial.print(" calibration_factor: "); 

  Serial.print(calibration_factor); 

  Serial.println(); 

 

  if(Serial.available()) 

  { 

    char temp = Serial.read(); 
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    if(temp == '+' || temp == 'a') 

      calibration_factor += 10; 

    else if(temp == '-' || temp == 'z') 

      calibration_factor -= 10; 

  } 

} 

[93] 
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Appendix F 

Linear Damper Manufacturer Damping Rates 

 

Figure 53: Force (lbf) versus velocity (in/s) for the HBD-15-25 damper provided by the 

manufacturer and modified with the required speeds and applied force for the constant speed 

mechanism. Reprinted with permission from Ace Controls. 
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Appendix G 

Linear Regression Analysis for Speed versus Load for the Rotary Damper 

Table 9: Loaded speed validation using univariate linear regression analysis for speed versus load 

Angle Setting (°) Speed (mm/s) Trial Slope Intercept Model Fit 

   β1 95% CI p Β0 95% CI p AdjR2 SEE  

0 

6.20 1 -0.159 (-0.201, -0.117) <0.001 7.228 (6.673. 7.784) <0.001 0.641 1.262 

6.77 2 -0.077 (-0.133, -0.022) 0.008 6.092 (5.392, 6.793) <0.001 0.172 1.728 

6.75 3 -0.163 (-0.219, -0.107) <0.001 7.127 (6.369, 7.884) <0.001 0.506 1.814 

           

22.5 

7.21 1 -0.122 (-0.197, -0.046) 0.003 6.623 (5.798, 7.448) <0.001 0.254 1.867 

7.45 2 -0.125 (-0.185, -0.066) <0.001 6.891 (6.891, 8.584) <0.001 0.378 1.883 

7.43 3 -0.139 (-0.198, -0.080) <0.001 7.166 (6.409, 7.922) <0.001 0.422 1.725 

           

45 

7.98 1 -0.090 (-0.226, 0.046) 0.186 12.471 (10.597, 14.346) <0.001 0.033 3.344 

7.19 2 -0.310 (-0.385, -0.235) <0.001 13.558 (12.627, 14.489) <0.001 0.726 2.006 

7.35 3 -0.090 (-0.158, -0.023) 0.011 7.279 (6.366, 8.193) <0.001 0.177 1.845 

           

67.5 

8.02 1 -0.159 (-0.223, -0.096) <0.001 8.674 (7.640, 9.708) <0.001 0.519 2.007 

8.94 2 -0.185 (-0.280, -0.089) 0.001 9.596 (8.143, 11.049) <0.001 0.362 2.778 

8.56 3 -0.161 (-0.219, -0.103) <0.001 8.774 (7.802, 9.746) <0.001 0.553 1.901 

           

90 

8.66 1 -0.235 (-0.404, -0.066) 0.009 15.583 (13.336, 17.829) <0.001 0.251 3.820 

8.24 2 -0.261 (-0.359, -0.164) <0.001 16.244 (14.592, 17.896) <0.001 0.577 2.739 

8.60 3 -0.249 (-0.391, -0.106) 0.002 16.059 (13.741, 18.377) <0.001 0.356 3.911 

           

112.5 

8.83 1 -0.076 (-0.166, 0.014) 0.093 8.734 (7.385, 10.083) <0.001 0.076 2.529 

10.11 2 -0.133 (-0.199, -0.068) <0.001 9.353 (8.358, 10.349) <0.001 0.409 1.947 

9.85 3 -0.165 (-0.238, -0.092) <0.001 10.125 (9.065, 11.185) <0.001 0.475 1.889 

           

135* 
10.84 1 -0.202 (-0.305, -0.099) 0.001 12.041 (10.303, 13.778) <0.001 0.472 2.648 

10.70 2 -0.204 (-0.326, -0.082) 0.003 11.486 (9.538, 13.435) <0.001 0.405 2.918 

           

157.5 

10.33 1 -0.222 (-0.324, -0.120) <0.001 12.229 (10.515, 13.943) <0.001 0.483 2.547 

11.21 2 0.004 (-0.138, 0.147) 0.949 9.806 (7.584, 12.028) <0.001 -0.050 3.666 

10.96 3 -0.112 (-0.278, 0.055) 0.176 11.066 (8.529, 13.602) <0.001 0.047 4.252 

           

180 

8.88 1 -0.110 (-0.202, -0.017) 0.023 12.552 (10.464, 14.641) <0.001 0.226 2.849 

10.67 2 -0.049 (-0.175, 0.076) 0.419 11.139 (8.664, 13.615) <0.001 -0.017 3.572 

10.71 3 0.059 (-0.056, 0.174) 0.291 9.094 (7.055, 11.133) <0.001 0.011 2.825 

*One trial was excluded due to corruption of the loading data file 

Table 10: Test-retest intra-class correlation coefficients between trials 

Loading condition 
ICC 95% CI p 

Loaded 0.856 (0.678, 0.935) <0.001 

Unloaded 0.883 (0.493, 0.961) <0.001 
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Appendix H 

Linear Regression Analysis for Speed versus Load for the Linear Damper 

Table 11: Loaded speed validation using univariate linear regression analysis for speed versus load 

Set Speed (mm/s) 
Trial Slope Intercept Model Fit 

  β1 95% CI p Β0 95% CI p AdjR2 SEE  

15 

1 -0.115 (-0.190, -0.040) 0.022 15.282 (14.445, 16.119) <0.001 0.934 0.281 

2 -0.095 (-0.188, -0.002) 0.048 15.048 (14.009, 16.086) <0.001 0.859 0.348 

3 -0.106 (-0.214, 0.002) 0.052 15.152 (13.941, 16.363) <0.001 0.848 0.406 

25 

1 -0.175 (-0.379, -0.029) 0.066 26.508 (24.222, 28.794) <0.001 0.807 0.767 

2 -0.246 (-0.317, -0.175) 0.005 27.308 (26.509, 28.106) <0.001 0.986 0.268 

3 -0.276 (-0.468, -0.083) 0.025 27.450 (25.293, 29.607) <0.001 0.925 0.723 

50 

1 -0.256 (-0.617, 0.104) 0.092 49.864 (45.825, 53.902) <0.001 0.736 1.354 

2 -0.193 (-0.305, -0.081) 0.018 49.987 (48.737, 51.238) <0.001 0.948 0.419 

3 -0.366 (-0.960, 0.228) 0.118 52.498 (45.851, 59.145) <0.001 0.668 2.229 

 

Table 12: Test-retest intra-class correlation coefficients between trials 

Set Speed (mm/s) 
ICC 95% CI p 

15 0.989 (0.938, 0.999) <0.001 

25 0.923 (0.661, 0.995) <0.001 

50 0.795 (0.309, 0.984) <0.001 
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