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Although wearable devices are rapidly improving in features and ability, their performance

and comfort remain poor when they are coupled to the wearer. Issues such as poor anchoring

between the device and the body, inefficient power transfer, and variability in perception of

haptic cues are some examples. Traditionally, these issues at the human device interface

(HDI) are addressed by coupling the device to the body with higher pressure, by adding

degrees of freedom to the device, and by implementing active feedback control of the device.

However, actions taken to mitigate the issues at the HDI give rise to more challenges. For

instance, tightening the device to the body increases discomfort due to pressure. Adding

measures such as redundant degrees of freedom, and active control makes the device design

more complicated, increases power requirements, and ultimately makes the device bulky. In

summary, these device-centered approaches are unsuccessful in mitigating issues of perfor-

mance and comfort for wearable devices. In this dissertation, we focus on understanding the

other half of this coupling problem - The Human. We characterize the mechanical and sen-

sory properties of the tissue structures at the HDI, and we demonstrate that measuring these



human properties allows us to improve the design of wearable devices to deliver optimized

performance and comfort.

• Experiment 1: By measuring the MCP torque, we discover that anthropometric mea-

sures explain differences previously attributed to sex.

• Experiment 2: Measuring the hand dorsum stiffness distribution enabled the design of

a novel HDI with improved comfort and performance.

• Experiment 3: Characterizing the stiffness and mechanical impedance about the wrist

helped quantify the effect of coupling pressure at the HDI.

• Experiment 4: Characterizing the mechanical impedance and detection threshold led

to the discovery that describing detection threshold in power units accounts for the

effects due to coupling pressure and reduces the complexity of haptic display design.

• Experiment 5: By changing the mechanical impedance of the HDI, we discovered that

we can change the detectability of a vibrotactile stimulus.

This dissertation contributes to a fundamental enrichment of our knowledge of the me-

chanical and perceptual properties of the human body aimed at improving the design of

wearable devices. The design of the HDI has thus far been a qualitative effort, where param-

eters like the softness of the HDI and the coupling pressure are adjusted in iterative fashion.

This dissertation quantifies the mechanical and perceptual properties that are necessary for

a quantitative design of the HDI, and demonstrates how this information can be used to

optimize HDI design. Specifically, this dissertation demonstrates how describing the per-

formance of a haptic display in terms of mechanical power can simplify the design process

for a wearable vibrotactile display. It also quantitatively describes the inverse relationship

between comfort and performance at the HDI.

This work lays the foundation for the design of the human device interfaces of the future.



For instance, VR/AR applications require the design of physical interfaces that heighten

our experience of realism. To do this we must amplify our abilities to discern subtle hap-

tic stimuli applied to our body, while attenuating parasitic forces that threaten to destroy

this experience. In prosthetic devices and exoskeletons, the advent of impedance and stiff-

ness matched surfaces will revolutionize comfort, while heightening the sensory experience

by transmitting afferent stimuli from the artificial peripheral device to the body interface.

Finally, as actuators and sensors become less stiff and more conformal, the knowledge of the

properties of the human body will become critical in optimizing performance of the wearable

device. This work is the beginning of the next revolution in the human sensory experience.
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1

Chapter 1

INTRODUCTION AND BACKGROUND

Although wearable devices are rapidly improving in features and ability, their performance

and comfort remain poor when they are coupled to the wearer. Issues such as poor anchor-

ing between the device and the body ([1, 2]), inefficient power transfer ([2]), and variability

in perception of haptic cues ([]) are some examples. Traditionally, these issues at the hu-

man device interface (HDI) are addressed by coupling the device to the body with higher

pressure, by adding degrees of freedom to the device, and by implementing active feedback

control of the device. However, actions taken to mitigate the issues at the HDI give rise to

more challenges. For instance, tightening the device to the body increases discomfort due

to pressure. Adding measures such as redundant degrees of freedom, and active control

makes the device design more complicated, increases power requirements, and ultimately

makes the device bulky. In summary, these device-centered approaches are unsuccessful in

mitigating issues of performance and comfort for wearable devices. In this dissertation, we

focus on understanding the other half of this coupling problem - The Human. We charac-

terize the mechanical and sensory properties of the tissue structures at the HDI, and we

demonstrate that measuring these human properties allows us to improve the design of

wearable devices to deliver optimized performance and comfort.

To optimize the performance and comfort of wearable devices, designs must incorporate

knowledge about mechanical and perceptual properties of the human tissue at the HDI.

For example, pressure at the HDI can be evenly distributed by uniformizing the overall

stiffness across the HDI ([3]; [4]). This leads to better comfort and performance of the cou-

pled wearable device. Similarly, the performance of vibrotactile haptic actuators can be
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amplified by matching the mechanical impedance of the actuator to the tissue ([5]). How-

ever, to apply these methods to improve the HDI design for hand and wrist-worn devices,

we must first characterize the mechanical and perceptual properties of the human.

1.1 Organization of the dissertation

Chapter 2: In the first experiment, we quantify the torque required to extend the index

finger about the MCP joint. We calculate torque from force and angles measured simul-

taneously from a custom arthrograph device. We discover that a difference in the torque

required, previously attributed to sex ([6, 7]), is actually due to a difference between hand

sizes. This finding allowed us to generate a single normative torque band which can be

used by wearable designers as a quantitative reference for designing hand exoskeletons, and

by clinicians to quantify hand function impairments.

Chapter 3:In the second experiment, we report the first ever measurement of stiffness dis-

tribution of the hand dorsum. By using a novel technique of generating stiffness gradients

across locations, we improve comfort and performance at the HDI when an exoskeleton is

coupled to the hand dorsum.

Chapter 4:In the third experiment, we report the first ever measurement of the stiffness

and mechanical impedance at the wrist. In a first, we quantify the stiffness and mechanical

impedance increase with increasing coupling pressure. However, this increase is more over

the bone than over soft tissue rich areas, helping us understand why attaching wearables

more tightly to the wrist causes discomfort.

Chapter 5:In the fourth experiment, we report the first ever quantification of mechani-

cal impedance and vibrotactile sensitivity over bony and soft locations about the human

wrist. We quantify, for the first time ever, how increasing coupling pressure over the wrist

changes both the stiffness of the tissue as well as our sensitivity to vibration. We discover

in a novel finding, that if we describe the vibrotactile sensitivity threshold in units of me-

chanical power, then the design of the HDI can be simplified, and parameters such as cou-
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pling pressure between the wearable device and the body do not need to be accounted for.

Chapter 6:In the fifth and final experiment, we demonstrate a novel approach to tuning

comfort and our sensitivity to vibrations applied over the wrist. We change the mechani-

cal impedance of the HDI and demonstrate quantitatively how our ability to perceive an

applied vibration reduces as the HDI material gets softer. We also find that the softness of

the HDI material correlates directly with the user’s perceived comfort.

Chapter 7:In this last chapter, we summarize our results and argue for the necessity for

broader measurements of the human body using the methods we use in this dissertation.

We contextualize the utility of the properties of the human body studied here in the pro-

cess of design, and end with a vision of how incorporating the human more closely in de-

sign, will help the human device interfaces evolve in the future.
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Chapter 2

QUANTIFYING PASSIVE EXTENSION TORQUE ABOUT
THE SECOND MCP TO IMPROVE FUNCTIONAL

ASSESSMENT OF THE HAND

Gaurav Mukherjee1, Patrick Aubin1,2, Katherine Steele1

1. Department of Mechanical Engineering, University of Washington, Seattle, WA 98195, USA

2. Center for Limb Loss and Mobility (CLiMB), VA RR&D, Seattle, WA 98108, USA

2.1 Abstract

Stiffness of the joint is associated with impairment of function due to insult or injury.

Quantifying joint stiffness may improve the diagnoses and treatment of diseases which re-

sult in hand function impairment. This research quantifies the passive extension torque

about the second metacarpophalangeal (MCP) joint for twenty unimpaired right-handed

individuals. The joint stiffness is compared between males and females, between both hands,

and between the splinted and non-splinted finger. This research examines the role of an-

thropometric measures in explaining the observed inter-subject variability in the joint

torque. Additionally, MCP joint stiffness for two individuals with hand paralysis from a

long-term spinal cord injury of the C-6 vertebral level is compared to the normative joint

torque data from the unimpaired individuals. This research characterizes the passive ex-

tension torques of the second MCP joint, examines the role of anthropometry in explaining

the variance observed in the data, and provides a normative dataset for evaluating hand

function quantitatively for different impairments of hand function, and to effectively design

interventions.
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2.2 Introduction

Impairments of the hand drastically impact an individual’s ability to live independently.

Neuromuscular injuries such as cerebral palsy, stroke, and spinal cord injury cause hand

impairments for 15.2 million people in the United States alone [8]. Joint stiffness is a key

characteristic of many hand impairments. Comorbidities such as paralysis of the intrinsic

muscles, fixed contractures, hypertonia, atrophy due to disuse, skin burns, and spasticity

affect joint stiffness [?]. Finger joint stiffness is a commonly evaluated and reported clinical

metric, and its presence may severely affect hand function [9, 10, 7, 11]. Within the clinic,

it is characterized by reduced range of motion, and greater opposition to movement due to

muscle tightness, tendon adhesions and joint capsule problems [12]. Careful quantitative

measurement of joint stiffness has the potential to improve the diagnosis and treatment of

diseases that affect the hand [10], in addition to improving rehabilitation exercise prescrip-

tion, and orthosis and prosthesis designs [7, 11].

Passive torque measured about the second metacarpophalangeal (MCP) joint during cyclic

extension and flexion is a sum of the contributions of the stiffness of the passive extrinsic

and intrinsic muscle tendon units, the ligaments, the synovial fluid, joint capsule, the ar-

ticular cartilage and bone on bone contact [12, ?, 13, 14]. Hysteresis loops of the torque

angle observed during cyclic loading of the passive MCP joint is similar in shape to the

observations at other synovial joints, such as the elbow, the hip and the knee. The sec-

ond digit is an important part of grasp and manipulation tasks, and the contribution of

the MCP joint to the control of this biarticular linkage system is crucial. The contribu-

tions of the viscoelastic stiffness have been shown to be the primary contributors to the

passive MCP stiffness [6], and extension of this joint, the most affected function after in-

jury [15]. While differences in passive extension torque about the second MCP have been

observed between males and females, the effects of anthropometric factors in the observed

variability is unknown. This study has three primary contributions – first, it quantifies

the torque angle relationship for 20 unimpaired subjects, the largest sample known thus-
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far. The subjects are distributed equally between males and females. This study examines

the effects of locking the interphalangeal and distal interphalangeal joints and compares

torques between the dominant and non-dominant hands. This study also evaluates the

effect of whole body, hand and finger specific anthropometric measurements on the pas-

sive MCP extension torques, and helps quantify normalized torque angle representations.

Lastly, passive extension torque data from 2 male individuals with chronic hand paralysis

due to spinal cord injury are compared against the normalized torque angle band from the

unimpaired individuals to demonstrate the capability of this data to aid quantification of

hand function.

2.3 Methods

2.3.1 Finger arthrograph design and validation

Passive joint extension torque about the second MCP joint was measured at different an-

gles during the extension of the second digit using a device designed to apply an exter-

nal torque to the digit, while constraining the wrist at 0 degrees of extension (Fig. 1).

Force information (FLC) was collected using a tensile compressive type uniaxial load cell

(rated load, 25 lbs) synchronously with angular information, collected with a video cam-

era. The video data (30 fps) was used to compute the angle of the MCP joint, θmcp. A

system model was developed using the free body diagram approach under an assumption

of quasi-static loading. In an experiment designed to validate the model, we used a torque

cell attached to an indexed bar to mimic the MCP joint. By applying suspended weights

to the set-up shown in (Fig. 2), we find good agreement (RMSE = 0.98) between the mea-

sured torque and the predicted torque from the model.

2.3.2 Measurement of passive extension torque about second MCP joint

In a study approved by the Institutional Review Board at the University of Washington,

the extension torques for the second MCP joint were measured on both hands for 22 healthy
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Figure 2.1: A lineart figure demonstrating the measurement system used to quantify the
passive extension torque for the second MCP. The angular measurements were made with
a camera tracking features on the finger at 30 fps.

subjects without hand impairments, recruited from the University of Washington. 2 sub-

jects had incomplete datasets and were excluded. The subjects were equally distributed

between males and females; all were right hand dominant. Detailed anthropometric mea-

sures, both summary body measures such as age, height, weight, and hand specific mea-

sures such as lengths and volumetric data of the hand, and index finger were collected (Ta-

ble 1).

These data (30 ± 8 trials) for each hand were used to compute the net passive extension

torque over the range of motion for each subject computed as the difference between the

torque applied by the taut string and the torque due to gravity. Dynamics were ignored

because of the quasi-static nature of the test. The finger was slowly moved from 50 degrees
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Figure 2.2: A lineart figure demonstrating a set up to validate the measurement system
used to quantify the passive extension torque for the second MCP.

of flexion to 0 degrees, corresponding to the long axis of the proximal phalanx aligned with

the long axis of the metacarpal. Wrist was held in extension because this position prevents

the extensor digitorum communis (EDC) from being stretched tight, thus limiting the pas-

sive stretching of the extrinsic muscle from confounding the measurement of MCP passive

stiffness. This is also the preferred position for hand therapy, to prevent contracture of

flexors and collateral ligaments and capsules.

We measured the passive joint extension torque in two conditions randomized on each in-

dex finger: a splinted condition (S), with extended and locked proximal interphalangeal
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Table 2.1: Anthropomorphic data from 20 right handed subjects distributed equally by
gender

(PIP) and distal interphalangeal (DIP) joints, and the second, the non-splinted (NS) with

a neutral and unlocked PIP and DIP joint.

Figure 2.3: A representative torque angle plot for one subject with data from all four
conditions: Right hand splinted index finger (RS), Right hand non-splinted index finger
(RNS), Left hand splinted index finger (LS), Left hand non-splinted index finger (LNS)
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We used a two-sample t-test for independent means and unequal variance, to test our hy-

pothesis that the mean passive extension torque about the MCP joint at 0, 10, 20, 30,

40 and 50 degrees of flexion are the same for males and females, and for dominant and

non-dominant hands. For testing the hypothesis that the mean passive extension torque

about the MCP joint at 0, 10, 20, 30, 40 and 50 degrees of flexion are the same for the

splinted and non-splinted conditions for each subject, we used a two-sample paired t-test.

We tested our hypothesis that S and NS conditions would not affect the torque signifi-

cantly with a two-sample paired t-test.

2.3.3 Normalization of MCP torque by anthropometric measures

Using regression analysis and the coefficient of determination, we quantified how whole-

body measures like body weight and height, hand specific measures like hand weight and

hand length, and finger specific measures like finger weight and finger length predict the

passive extension torque about the second MCP. We normalized the passive extension

torque with the body specific, hand specific and finger specific measures (Table 4) and

computed the effect of the different methods of normalization using the coefficient of varia-

tion, or the mean normalized standard deviation.

2.3.4 Normative data and exponential model from normalized passive extension torque

angle data

The statistics of the passive extension torque about the MCP normalized with finger spe-

cific measurements is used as a normative dataset. An exponential model is fit to the nor-

mative data. Finally, to demonstrate the utility of this data, the normative data is com-

pared to 2 participants with chronic hand paralysis due to SCI.
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2.4 Results

2.4.1 Raw torques measured about the passive second MCP by conditions

The passive extension torque about the second MCP, when the finger was in full exten-

sion (0 degrees, splinted, dominant hand), was 10.95 ± 2.38N − cm for males, and 5.03 ±

1.60N − cm for females (Table. 2), averaged across both hands. Males had significantly

Figure 2.4: Torque angle curves for all subjects and compared across genders. We also
compare to Deshpande 2012 to relate our results to literature

higher torques for 0, 10, 20, and 30 degrees of finger flexion (p < 0.0029). The passive ex-

tension torques about the second MCP joint of the dominant hand were not found to be

significantly different from the non-dominant hand for males (p > 0.6300) or for females

(p > 0.2200). In the non-splinted condition, the passive extension torques about the sec-
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ond MCP were found to be significantly higher than the splinted condition among females,

for 0, 10 and 20 degrees of flexion (p < 0.0120). No significant difference was observed in

the passive extension torques about the second MCP for males between the splinted and

non-splinted conditions (p > 0.0930), however.

Table 2.2: Table with mean torques and 1 standard deviation for all conditions across
hand gender and condition, from complete extension (0 deg.) to flexion (50 deg.)

We also found that torques at full extension, (0 degrees, splinted, right hand) are signif-

icantly higher than previously reported values [6], both among males (p < 0.0485) and

among females (p < 0.00018). We also observed that the males have higher variance in

both the splinted and non-splinted case, which increases as the finger is extended further.
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2.4.2 Normalization of passive MCP torque by anthropometric measures

To examine the cause of the observed difference between our results and the prior work, we

conjectured that anthropometric measures affect the measured torque. To examine this hy-

pothesis, we performed a correlation analysis between measured torque and body specific,

hand specific and finger specific anthropometric measures. We found that body weight

times height (BW*H), hand weight times hand length (HW*HL) and finger weight times

finger length (FW*FL) were weak predictors of passive extension torque about the second

MCP joint (Table 3). However, in general, FW*FL was a better predictor of the passive

extension torque about the second MCP than HW*HL and BW*H (Fig 5). Normalizing

the splinted torque by BW*H, HW*HL and FW*FL decreased inter-subject variability by

9%, 18% and 21% respectively, demonstrating that finger specific measures are a better

normalizing parameter for hand torques.

Figure 2.5: Finger specific normalization metrics are better than hand and body specific
normalization metrics
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Table 2.3: Table with regression fit coefficients to different normalization techniques. Fin-
ger specific normalization metrics are better than hand and body specific normalization
metric

2.4.3 Normalization of passive MCP torque demonstrates reduction in observed variance

We normalize the passive extension torques recorded in table 2 by finger weight times fin-

ger length specific to each subject (Table 5).

A linear mixed effects model demonstrated that only gender and angle were found to be

main effects. However, the observed trend in the normalized torque demonstrated a very

small effect of gender (Fig.6).

To understand this effect, we ran a post-hoc Tukey multicomparison study, and found that

torque at 20 degree extension was significantly different between the genders (p¡0.005).

Finally, we average all the torque profiles to form a population average or normative band

of torque required to extend the passive second digit, and we fit an exponential model to

the data (Table 6).
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Table 2.4: Table with coefficient of variations to indicate movements

2.5 Discussion and Conclusions

We quantified the passive extension torque about the second MCP joint of the human

hand for 10 right handed males and 10 right handed females between splinted and non-

splinted conditions. We examined the correlation between whole body measures like body

weight and height, hand specific measures like hand weight and hand length, and finger

specific measures like finger weight and finger length, and the passive extension torque

about the second MCP joint. By normalizing the passive extension torque, we reduced

the inter-subject variability, giving us a measure of comparison for impaired function. We

demonstrated this through the two case studies with individuals with spinal cord injury

related impairment of hand function.

Our results (Fig. 2) demonstrates that a narrow band of torque is required for passively
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Figure 2.6: Table with regression fit coefficients to different normalization techniques. Fin-
ger specific normalization metrics are better than hand and body specific normalization
metric

extending the unimpaired joint. This torque is significantly lower for females than for males.

This agrees with prior work [7, 13, 6]. Interestingly, this difference persisted even after

normalization with anthropometric measures. This indicates that although anthropomet-

ric data were predictors of passive extension torque, other correlated gender specific pa-

rameters may be causing the observed differences. Females have higher joint laxity, due

to estrogen, and these and other differences may contribute to the observed difference in

torque.

Our measured torque values demonstrate the exponential dependency reported in prior

literature but are significantly different in magnitude. This difference may be attributed



17

Figure 2.7: Table with regression fit coefficients to different normalization techniques. Fin-
ger specific normalization metrics are better than hand and body specific normalization
metric

Figure 2.8: Table with coefficient of exponential model fit to population and each gender

to the difference in the measurement methods, and likely to a sampling bias. Where our

method measured the passive torque during the entire range of motion, the previous work

allowed the subjects to rest in the position of measurement for 45 seconds before making

the measurement [6]. This may have led to stress relaxation and is a characteristic of vis-

coelastic response of tissues to applied stress [15].
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Additionally, males exhibited greater variance in the passive extension torque than fe-

males, and the absolute variance grew with increasing extension of the finger (Fig.2,3 and

6). This systematic behavior may be attributed to the larger hand sizes of the male partic-

ipants which results in larger moment arms through the range of motion.

Normalizing the passive extension torque by finger specific measures was better than nor-

malizing with whole body measures, although the coefficient of determination was low in

both cases. Normalizing the data resulted in a reduction in the inter-subject variability,

however this reduction was most pronounced when the normalization was performed on

the entire population, averaged across genders. This leads us to believe that normalizing

the experimental data is valuable most when the sample is heterogenous and consists of

both males and females. All participants were right-hand dominant; however, the data

shows that while males have a higher coefficient of variation in the non-dominant hand,

the females trend towards lower coefficient of variation (Table 4).

This study presents a sample of 20 subjects, which although is larger than other prior sam-

ples in the recent past, may still be small to detect sensitive effects. This study does not

control the velocity of extension, although care was taken to remain below the subjects’

spastic response threshold. The device is subject to small amounts of friction in the pris-

matic slider. This was minimized by lubricating the guide with graphite-based lubricants.

Small amounts of rotation are observed in the mechanical interface with the finger due to

tangential torque developed over the soft tissue interface with the finger. Care was taken

to align the loadcell and the pulley placement in line with the finger being measured. The

tracking is done semi autonomously and may contain uncertainty in measurements. How-

ever, the analyses were performed by a single experimenter and therefore a systematic ef-

fect may exist in the data.
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Figure 2.9: Normative dataset with passive extension torque from two subjects with hand
paralysis related to chronic cervical SCI overlaid
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Chapter 3

STIFFNESS MATCHING AT THE HUMAN DEVICE
INTERFACE TRADES COMFORT FOR PERFORMANCE

Rohit John Varghese1*, Gaurav Mukherjee2*, Raymond King3, Sean Keller3, and Ashish

D. Deshpande1

1. Department of Mechanical Engineering, University of Texas at Austin, Austin, Texas 78712, USA

2. Department of Mechanical Engineering, University of Washington, Seattle, WA 98195, USA

3. Facebook Reality Labs, Redmond, WA 98052, USA

*These two authors contributed equally

3.1 Abstract

The design of comfortable and effective physical human robot interaction (pHRI) inter-

faces for force transfer is a prominent challenge for coupled human-robot systems. Forces

applied by the robot at the fingers create reaction forces on the dorsal surface of the hand,

often leading to high pressure concentrations which can cause pain and discomfort. In this

paper, the interaction between the pHRI interface and the dorsal surface of the hand is

systematically characterized, and a new method for the design of comfortable interfaces is

presented. The variability of the stiffness of the hand dorsum is quantified experimentally,

and this data is used to minimize the peak pressure exerted on the hand dorsum, by vary-

ing the stiffness profile of the pHRI interface. This optimized design is demonstrated to

improve the pressure distribution over the hand dorsum where the robot is attached to the

hand. Additionally, to enable informed design choices, the effects of varying the stiffness

of the pHRI interface on relative displacement between the robot and the hand dorsum

are also characterized. This optimization approach to designing pHRI interface can be ex-

tended to different limbs, especially when there is a transfer of high moment loads to the
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human body, provided the appropriate stiffness data is available.

3.2 Introduction

The ideal approach to attaching assistive devices to the human body remains unknown.

Designs of attachments, such as shoes, backpacks, clothing, and sporting equipment have

evolved to match the contours and articulations of the corresponding body part by using

tensioning mechanisms and compliant contact surfaces which help mitigate the effects of

moments and forces. While prostheses and wearable robots have embraced these design

techniques, the areas of contact between the device and the human body still experience

injury and degradation of tissue health. The current approach to designing the contact

surfaces, such as sockets for prostheses, is labor intensive, and a quantified approach to

generating optimal physical human robot interaction (pHRI) interface designs for high

load applications is lacking.

While prosthetic and exoskeletal technology has been improving greatly, rate of disuse of

assistive devices remains high [?] [16]. One crucial cause of this is discomfort due to a mis-

match of the stiffness between the human limb and the pHRI interface. Designs of pHRI

interfaces with uniform stiffness result in localized pressure over bony prominences, and

are therefore not ideal [3]. The discomfort due to a uniform pHRI interface is commonly

addressed by loosening the straps and reducing the pressure between the pHRI interface

and the corresponding contact surface on the human body, also called bias pressure. Re-

ducing the bias pressure to improve comfort between the mismatched surfaces causes rela-

tive movement between the robot and the human, which reduces the accuracy of position

control [17], causes increased transmission losses [2], and gives rise to inappropriate reac-

tion forces [18], which, ironically, again results in discomfort among users [19]. Discomfort

is characterized by high localized pressures [20] [21] which over time lead to the degrada-

tion of the tissue structures underneath the points of attachment, resulting in pressure

sores [3].

Our goal is to improve comfort by minimizing localized loading and by distributing the
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Figure 3.1: Diagram of an exoskeleton interface with optimized varying stiffness profile
on the dorsum of the human hand. While the traditional approach to attaching devices
on the hand does not take into account the ability to vary the stiffness of the pHRI, our
method proposes an optimal stiffness profile that minimizes localized pressure concentra-
tions.

pressure over the hand dorsum (Fig. 3.1). Our approach was to measure the spatial stiff-

ness distribution of the hand dorsum, and using these values, to vary the stiffness of the

pHRI interface to achieve our goal of minimizing the localized pressures at the contact

surface between the pHRI interface and the hand dorsum. While the general idea of stiff-

ness matching has been explored before [19], a systematic design and analysis has not been

performed. To apply this approach of impedance or stiffness matching to the hand, addi-

tional constraints must be addressed. Specifically, the contact surface between the hand

and hand exoskeletons such as the Maestro [22] and the HX [18] experiences acyclic dy-

namic forces and moments associated with the high degree of dexterity in hand move-

ments. Therefore an ideal approach to attaching devices to the hand is dependent on mul-

tiple criteria, such as the range of external loads applied to the pHRI interface, the stiff-
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ness gradient across the surface of the hand and the static pressure that is applied to hold

the attachment to the hand under no-loading conditions.

On the Maestro Hand Exoskeleton (Fig. 3.2), a linkage system is attached between the fin-

gers and the plate strapped to the hand dorsum [23] and consequently, the reaction force

and moments of all loads applied to the fingers are borne by the dorsum attachment (the

pHRI interface) and the hand. The red straps (Figure 3.2) apply the pretension required

to hold the plate and the linkage to the hand dorsum and the index finger.

Figure 3.2: Maestro Hand Exoskeleton, with force arrows indicating various locations of
pHRI interface in this system.

In this paper, we present a novel method to design a pHRI interface that minimizes local-

ized pressures over the hand dorsum. We drive the design of the pHRI interface to achieve

this optimality by measuring the stiffness of the hand dorsum, and by systematically vary-

ing the effective stiffness of the pHRI interface spatially over the region of contact with the

hand. We analyze the behavior of the system using a numerical simulation environment
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and identify relationships between applied external load, bias force and the optimal stiff-

ness profiles. We demonstrate that creating varying stiffness patterns of the attachment

allows us to control the pressure distribution over the dorsum.

The main contribution of this work is a unique optimization based approach to engineer-

ing comfortable pHRI interfaces for attaching robotic systems to the human hand dorsum.

In addition, we demonstrate the trade-offs that this design approach may have on perfor-

mance metrics of the coupled human-robot system, such as relative displacement between

the robot and the human. We believe that this systematic approach to creating the ideal

pHRI interface for hand exoskeletons can be easily extended to other parts of the human

body as well.

3.2.1 pHRI Interface Model

Figure 3.3: Hand dorsum and simplified pHRI with uniform stiffness, bias force (Fb), ap-
plied using straps and approximated as a point load at the center, and reaction pressure
(Preaction).

We model the pHRI (Fig. 3.3) as a discrete array of springs representing the hand dorsum

(kdorsum) and the pHRI (kpHRI) interface respectively. These two arrays of springs are in
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series with each other (Fig. 3.4).

Soft tissue
Bone

Rigid Plate

Fb

(kdorsum)

pHRI (kpHRI)
Skin surface

Figure 3.4: Modeling all compliant elements between the human reference structure (our
skeleton) and the rigid links of the robot. The stiffness of the hand dorsum (kdorsum) and
the pHRI (kpHRI) behave as a set of viscoelastic springs in series.

Through analysis of the simplified system under external load, we deduce the shape of the

desired effective stiffness (keff ) of this series spring model that allows us to minimize the

peak pressures at the contact surface (Section II.B). Using a numerical simulation environ-

ment, we compute the optimal effective stiffness gradient which satisfies the deduced shape

profile from the analysis, and that also minimizes peak pressure (Section II.C). Next, we

quantify the stiffness profile of the experimenter’s hand (kdorsum) through an indentation

experiment with a robot (Section II.D). The keff computed from the numerical simulation

and kdorsum, obtained experimentally, are then used to compute the stiffness of the pHRI

interface (kpHRI). With the resultant optimal pHRI interface stiffness map (Section II.E),

we characterize the relationship between four parameters: the bias force (Fb), which is the

representation of strap force preloading the pHRI interface to the hand dorsum under no

load condition; the relative displacement, which is the shift of the plate of the exoskeleton

with respect to the bone; the gradient of stiffness, which is the ratio of difference between
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the stiffness at the center and the edge over the stiffness at the center of the pHRI inter-

face (kmid - kedge/kmid); and the peak pressure on the hand dorsum, as a result of external

loading due to the hand exoskeleton.

3.2.2 Analytical determination of optimal stiffness profile for the pHRI interface

To design an optimal pHRI interface for the hand dorsum, (Fig. 3.1), we simplify the com-

plex interaction at the interface of the hand dorsum and the pHRI interface as two plates

of length L and uniform width sandwiched between the the rigid reference plate of the

Maestro robot, and the rigid human bone. The robot reference plate is held to the dorsum

by a bias force mimicking a strap (Fb), applied normally and at L/2 (Fig. 3.5).

PReaction

p-HRI

L/2

Fb

Hand Dorsum

L

Figure 3.5: Model of hand dorsum and pHRI interface with uniform stiffness, bias force
(Fb), and uniform reaction pressure (Preaction) distribution.

We then load the pHRI interface with an external force mimicking the reaction forces from

the Maestro actuators. Using the principle of transmissibility, we express the applied ex-

ternal force to the attachment plate as a combination of an equivalent force and moment

applied at the center of the plate, placed coaxially with the bias force. The resulting reac-
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tion pressure (Preaction) distribution balances the net force (Fb plus the normal component

of FL) and the external moment (ML) (Fig. 3.6). Shear loading is considered to be inde-

pendent and neglected in this section, however, it is considered later in the paper in our

overall numerical simulations.

ML

FL

PReaction

p-HRI

L/2

Fb

Hand Dorsum

L

Figure 3.6: Model of hand dorsum and pHRI interface with uniform stiffness, bias force
(Fb), externally applied force (FL), moment load (ML) and reaction pressure (Preaction) dis-
tribution.

Our objective is to balance the applied force and moment while minimizing peak reaction

pressure (Ci) along the contact surface between the two plates.

Ci = max(Preaction) (1)

Under the counter-clockwise external moment, ML, applied on the system, minimizing the

cost function, Ci gives us a pressure distribution with two regions of optimized uniform

reaction pressure (Popt) below the plate (Fig. 3.7).
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Figure 3.7: Model of hand dorsum and pHRI interface with minimized pressure distribu-
tion, bias force (Fb), externally applied force (FL), moment load (ML) and resulting two
regions of optimal reaction pressure (Popt) distribution.

Since we assume that the sum of pressure is equal to the applied load, minimizing the

peak pressure would distribute it over a larger area giving us a region of uniform pressure.

However, uniform pressure across the entire plate cannot balance the counter-clockwise ap-

plied moment, which explains the existence of two sections of different uniform pressure.

This orientation of this reaction pressure distribution depends on the direction of the ex-

ternal loading and reverses itself when the external loading is in the clockwise direction.

The boundaries of the regions of uniform pressure shift depending on the ratio of external

applied moment (ML) to the external applied force (FL). The position of ’x’, the center of

the highest pressure region in the optimal distribution (Popt), and ‘Ppeak’, the magnitude of

the highest pressure between the two uniform distributions, are computed in (2) and (3).
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x =
ML

FL + Fb

(2)

Ppeak =
FL + Fb

L− 2x
(3)

The optimal value of bias force, Fb of the attachment against the dorsum, to minimize Ci

for the given force and moment loading configuration, is calculated to be the lowest value

that gives us a non-negative pressure region (4):

Fb =
4ML

L
− FL (4)

The profile of optimal effective stiffness that achieves the optimal pressure (Popt), is a hy-

perbola with high stiffness in the center of the plate which tapers off towards the edge in

the direction of the applied moment, ML. We simplified this hyperbolic representation to

a linear stiffness profile, decreasing from the highest stiffness at the middle of the attach-

ment (kmid), and symmetrically tapering off to a minimum at each edge (kedge). The sym-

metry allows the resulting profile to be ideal for external moment loads in either direction.

To obtain kpHRI , we need to obtain kdorsum in addition to knowing keff .

3.2.3 Numerical computation of the desired stiffness profile

In order to compute the effective spatial stiffness gradient that minimizes peak pressure, as

described in section II.A, and to characterize the relationship between the bias force, the

gradient of stiffness, relative displacement between the robot and the human, and the peak

pressure over the hand dorsum, we used a pHRI interface simulation environment [24] that

was developed to model the forces, pressures and displacements at the pHRI interface un-

der the application of external loads.

Within this environment, the human skeleton, and the links of the coupled robot system

are represented as rigid bodies. The necessary constraints are implemented by the method
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of Lagrange multipliers [25], and simulated through time with an ODE45 solver in the

MATLAB 2017b (MathWorks Inc., Natick, MA) environment. The viscoelastic properties

of human skin and soft tissue, and any compliant elements of the robot are incorporated as

non-linear stiffness and damping elements between the constituent rigid components of the

system. These elements are discretized or lumped based on the level of complexity that

we wish to simulate at any given surface, with high discretization at surfaces of interest

and single lumped parameters on peripheral regions. This allows us to simulate the behav-

ior of a system under the application of internal and external loads, and observe trends in

behavior of the complex interaction system. This is especially useful in pilot study experi-

mentation such as ours where large population samples of humans cannot be recruited.

For this study, the dorsum surface was discretized into 15 total points, with the pHRI in-

teracting with the underlying human metacarpal through the stiffnesses kpHRI and kdorsum

in series at each point. Piece-wise linear values for both stiffness were used, with kdorsum

taken from our experimental results. The system was simulated for varying applied force

(FL) and moment loads (ML) with varying kpHRI profiles to examine the resulting pressure

distribution. The relative displacement of the pHRI interface with respect to the under-

lying bone, due to FL, was also captured for each stiffness profile, and these results are

presented in the next section.

3.2.4 Measurement of hand dorsum stiffness

To measure kdorsum, we designed an indentation system comprised of a Phantom Premium

1.5 high force haptic renderer, which has a high positional accuracy of the end effector (7 ∗

10−6m). This was used along with an ATI Nano 17 force torque transducer (having a high

force torque sensing accuracy of 0.001N) attached at the end of the linkage as an indenter

to probe the hand dorsum (Fig. 3.8).

We selected five points along a line between the metacarpophalangeal joint and the ra-

dial styloid process along the 2nd metacarpal bone, the 3rd metacarpal bone, and along a

line between the two metacarpal bones, in the inter-metacarpal region. This region was se-



31

lected to correspond to the area of the attachment plate on the Maestro exoskeleton. Fig.

3.9 shows the regions selected for indentation.

A

C
D

B

Figure 3.8: Phantom premium 1.5 high force haptic renderer (A), instrumented with an
ATI nano 17 6-axis force torque transducer (B), probing the hand dorsum (C) over a spa-
tial grid while the subject grasps a spherical object instrumented with an ATI Nano 17
(D).

A spherical object of diameter 3inches (0.077m), embedded with a 6-axis force torque trans-

ducer, was provided to mimic a naturalistic spherical power grasp, and to measure grasp

force. The object was grasped with minimum force (0N). The spherical power grasp is a

major type in grasp taxonomy [26] and is characterized by thumb abduction and move-

ment of all the metacarpal bones and soft tissue structures in the dorsum. This pose pro-
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vides a stable surface for the indentation measurements. A consistent grasp pattern was

used across trials to minimize its influence on stiffness distributions due to the changes in

bone locations and muscle recruitment strategy.

Figure 3.9: Locations of measured stiffness measured over the 2nd & 3rd metacarpal, and
2nd-3rd intermetacarpal region. The blue ”+” symbols represent the sites of indentation
on the hand dorsum

The wrist and arm were supported in braces, and the grasp object, and the wrist and arm

supports were repositioned to level the hand dorsum in the transverse anatomical plane

(Fig. 3.8). The phantom probe is then manually led once to each point marked on the dor-

sum for indentation. The probe uses these points as input into an interpolator to compute

a spatial trajectory to follow. The phantom is driven in an open-loop position controlled

configuration.
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3.3 Methods

Quantifying the stiffness of the indentation system in the direction normal to the hand

dorsum demonstrated the need to account for this value in estimating the stiffness of the

hand dorsum. The stiffness of the indentation system (kindenter) was found to be 2.67 N/mm

along the workspace. We account for this stiffness in the measurement of the hand dor-

sum stiffness (kdorsum) by modeling the interaction between the indentation system and

the hand dorsum as two springs in series. The measured stiffness of the hand dorsum,

kmeasured, (Fig. 3.10) is used along with kindenter to calculate the kdorsum (5).

kdorsum =
kmeasured ∗ kindenter
kindenter − kmeasured

(5)
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Figure 3.10: Fitting a line to the force deflection curve from indentation experiments. The
slope of the fitted line corresponds to the measured stiffness.

We made five sequential repeated measures to estimate the variance in the measured stiff-

ness at each point. The observed variance was attributed to movement in the hand. The
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hand dorsum stiffness data is collected from one pilot subject only, and with a probe hav-

ing a square base with 4mm edges and 1.5mm fillets on each edge to minimize discomfort

during indentation. The indenter profile and size were chosen iteratively based on the rel-

ative distribution of the hard and soft tissue structures in the hand. Increasing the reso-

lution of the grid beyond the current levels introduced errors due to partial overlap of soft

and hard tissue at the points of measurement.

3.3.1 Calculating the optimized padding stiffness

In our model, keff between the human bone and the Maestro robot’s reference plate is

comprised of kdorsum and kpHRI in series. Therefore, once we have numerically computed

keff , and measured kdorsum through the indentation experiment, the required kpHRI can

be calculated at every point on the attachment surface (6). This gives us a pHRI interface

stiffness profile that should generate the minimum peak pressure, or the optimal pressure

profile (Popt) on the hand dorsum for the given FL and ML.

kpHRI =
keff ∗ kdorsum
kdorsum − keff

(6)

3.4 Results

3.4.1 Analytical determination of the optimal stiffness distribution

Through an analysis of a simplified two plate model representing the contact between

the pHRI interface and the hand dorsum, we found that in order to minimize peak pres-

sures over the hand dorsum, the optimal pressure distribution is comprised of two distinct

spatial regions of uniform magnitude (Fig. 3.7). To achieve this optimal pressure distri-

bution profile, we showed that a linear gradient profile of the effective stiffness,((kmid -

kedge)/kmid) tapering from the center to the edges was a possible solution.
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3.4.2 Numerical computation of the desired stiffness profile

From the linear gradient profile of the desired effective stiffness described in the analysis

(Section III.A), we evaluated the behavior of the entire system, across a range of param-

eters, with the custom-built numerical simulation environment (Section II.C). Through

repeated simulation across the space of applied external moments, bias forces which repre-

sent the strap force holding the pHRI interface to the hand dorsum, and stiffness gradient

which describes the spatial distribution of the effective stiffness over the pHRI interface,

we characterized the effects of these parameters on our primary performance metric, the

peak pressure Ppeak, experienced over the hand dorsum.

From the results of the numerical simulation (Fig. 6.4), we observed that Ppeak is mini-

mum at the stiffness gradient of 0.6 for 15N of bias force under ML of 0.3 Nm. This sur-

face is a visual representation of the sensitivity of Ppeak, a proxy for user discomfort, to

stiffness gradient and the bias force.

3.4.3 Hand dorsum stiffness

The stiffness of the hand dorsum was measured and characterized with five repetitions

over each of the 15 chosen points, distributed equally over the 2nd metacarpal, 3rd metacarpal

and the inter-metacarpal gap between these bones on a single subject’s hand (Fig. 6.5).

On average, kdorsum was measured to be 1.0876 ± 0.40 N/mm over a range of from 0.54

N/mm to 1.59 N/mm. The region of the dorsum above the metacarpal bones was found

to be stiffer (1.1285 ± 0.43 N/mm) than the region between the bones (1.0060 ± 0.36

N/mm) that accommodate soft tissue. Increasing force of grasp led to an increase in mea-

sured dorsum stiffness (Fig. 6.5), however, the pHRI interface stiffness computed here is

for a grasp force of 0 N.

3.4.4 Optimal pHRI interface stiffness

The stiffness of the optimal pHRI interface was computed from the numerically deter-

mined keff and the kdorsum (6), for each point on the hand dorsum (Fig. 3.13), for a force
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Figure 3.11: Effect of varying bias force and stiffness profiles on the peak pressure across
the interface. The minimum satisfies the calculated values of optimal bias force in equation
3.

of grasp of 0N. On average, the kpHRI was found to be 1.6460 ± 1.47 Nm. The pHRI inter-

face over the metacarpal bones was less stiff (1.3478 ± 0.8054 Nm) than the pHRI inter-

face between the bones (2.2424 ± 2.33 Nm), demonstrating that loading the soft tissue to

a higher degree minimizes the Ppeak.

3.4.5 Relationship between design parameters

From the numerical simulation outlined previously (Section II.B), we quantify the effects

of varying applied moments, bias forces and stiffness gradients on our primary performance

metric of peak pressure experienced at the interface. When compared to a uniform stiff-

ness distribution (stiffness gradient of 0), we observe an improvement in Ppeak for all cases

of ML when the keff is varied as a gradient from the center to the edge. With increasing
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Figure 3.12: Measured stiffness of the hand dorsum for five equally spaced points along the
second metacarpal at three levels of grasp force applied by the subject.
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ML, we observe the percentage improvement to become more pronounced (Fig. 3.14). Ad-

ditionally, the optimal value of stiffness profile gradient is dependent on ML, and is seen to

increase linearly with the ratio (ML/FL).
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Figure 3.14: Plot of peak pressure on the interface surface for varying stiffness profile gra-
dients, at each value of applied moment load, with the applied bias force held constant.

The simulation confirms the expected outcome that the highest values of Ppeak are ob-

served at the highest ML for all conditions of the keff . Therefore, the optimal stiffness

profile is tuned for the highest ML that the specific device will experience. With this con-

dition, we can observe a 15% improvement in Ppeak experienced by using a stiffness pro-

file gradient of 0.6 from the center to the edges of the attachment, for the highest ML of

0.3Nm. These loading conditions are derived from the Maestro exoskeleton.

While minimizing user discomfort is critical, other performance metrics including the rel-

ative displacement across the pHRI interface can also be examined with this approach.

When considering the effect of these same input variables of bias force and stiffness gra-

dient on the relative displacement, it becomes evident that we have a trade-off between

our performance metrics of comfort and relative displacement. Fig. 3.15 shows the effect
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on relative displacement due to a change in stiffness profiles with the applied force and

moment loading held constant. Contrary to the effect on peak pressure shown earlier, the

relative displacement increases with the stiffness profile gradient.
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Figure 3.15: Plot of the effect on relative displacement between the robot reference and
the human skeleton on changing the stiffness profile gradient of the pHRI. Each line rep-
resents the effect due to a change in the pHRI stiffness gradient while holding the applied
moment constant.

This is more clearly illustrated in Fig. 3.16, where the two output metrics are plotted

against the stiffness profile gradient on identical x-axes. It shows that increasing the stiff-

ness profile gradient to improve the peak pressure across the interface has an adverse effect

on the relative displacement.

We also observe a similar trade-off between peak pressure at the interface and relative dis-

placement while varying bias force (Fig. 3.17).

3.5 Discussion

Our analysis of the force distribution at the pHRI interface showed that under force and

moment loading, the performance metric of peak pressure at the contact surface can be

minimized by using a spatially varying stiffness distribution of the pHRI interface. A so-
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Figure 3.16: Trade-off between peak pressure (as a measure of user comfort) and relative
displacement on varying the stiffness profile gradient.
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lution that gives us this optimal force distribution was shown to be a linearly decreasing

stiffness gradient from the center to the edges of the pHRI interface.

The performance of the effective stiffness gradient was numerically quantified using a MAT-

LAB based simulation engine. By simulating a range of applied bias force and stiffness

gradients, we are able to show a minimum in the peak pressure as predicted by our analyt-

ical model. This optimal stiffness gradient showed a 15% reduction in peak pressure over

the hand dorsum when compared with uniform stiffness, under external loading of 0.3Nm.

It should be noted though, that the value of optimal stiffness gradient between the human

and the exoskeleton is dependent on the applied moment, ML. Since the largest peak pres-

sures experienced by this system are always under the conditions of highest applied mo-

ment loading, we must therefore consider the highest moment that our system is likely to

experience when computing the keff .

The optimal effective stiffness gradient described above denotes the effective stiffness of the

pHRI interface and the soft tissue on the human dorsum acting in series. Therefore, in or-

der to design the pHRI interface to a desired stiffness profile, the knowledge of the dorsum

stiffness is an important parameter to quantify. Our pilot experimental study characterized

the spatial range and distribution of dorsum stiffness on a single hand. The measured stiff-

ness values at the MCP joint are lower than originally anticipated, which could potentially

be due to the soft extensor tendon hood over this region. The measured dorsum stiffness

data provides us with initial values necessary for pHRI interface design methods presented

here. Systematically characterizing the dorsum stiffness across the hand pose and grasp

force for multiple subjects will help further clarify the underlying relationships dictating

optimal pHRI design that we have demonstrated here, for the first time.

With numerical values available for both the desired effective stiffness distribution and the

measured dorsum stiffness, we are able to inform the design of the pHRI interface stiff-

ness. This is the only stiffness property available to controllably design, as the properties

of the human tissue cannot be changed. Since the optimal effective stiffness (between the

human bone and the robot reference) is the series equivalent of the pHRI interface stiffness
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and the stiffness of the human dorsum, the optimal pHRI stiffness is calculated from the

knowledge of both the optimal effective stiffness and the measured dorsum stiffness. This

is why the characterization of both is essential to this method. A generalizable takeaway

from this study is that a pHRI interface designed to reduce Ppeak exerted under moment

loading must have regions of low keff towards the edges. In design, this region of low stiff-

ness can be achieved by using more compliant padding near the edges.

The design changes presented can potentially help reduce user discomfort by reducing

the peak pressure applied on the human at the contact surface. However, we showed that

these same changes can adversely affect another performance metric of coupled human-

robot systems: the relative displacement of the attachment with respect to the human

skeleton. The trade-off between the two performance metrics of user comfort and relative

displacement on varying our design inputs of stiffness gradients and bias forces will help

make informed design choices, driven by the desired requirements of our application.

3.6 Conclusion

The primary contribution of this paper is a new design method for pHRI interfaces that

minimizes the peak values of concentrated pressure applied to the hand dorsum by the use

of a spatially varying stiffness profile. This method is informed by calculations of the op-

timal pressure distribution as well as experimental measurement of stiffness of the human

hand dorsum. By characterizing the effect of the proposed non-uniform pHRI interface

stiffnesses on the relative displacement between the hand and the exoskeleton, we highlight

the need to keep relative displacement in mind while optimizing for the minimal peak pres-

sure distribution. This is also the first study, to our knowledge, that leverages the mea-

sured biomechanical characteristic of stiffness of the human hand to design an optimal in-

terface stiffness profile.

This study provides a starting point for our ongoing work of in-depth characterization of

the interaction between exoskeletons and the human hand. The analytical and simulation

results based on performance metrics shown to influence user comfort provide us with an
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important direction in designing better pHRI interfaces. Further research involving human

subject studies will be important in validating the results presented here and for examin-

ing user comfort and sustained use of devices. Further study will also focus on extending

the generalizability of the findings in this paper. These methods can be expanded to char-

acterize more complex bias or strap systems, and will be used for proposing further design

guidelines for the development of attachment devices in coupled human-robot systems.

This novel approach of quantifying body stiffness, and optimizing pHRI interface designs

to minimize irregularities in pressure distribution at contact surfaces between humans and

exoskeletons can be used to design other wearable devices for the hand, and should be ex-

tendable to designs for other limbs.
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Chapter 4

CHARACTERIZATION OF STIFFNESS OF TISSUES AT THE
WRIST FOR THE DESIGN OF WEARABLE DEVICES

Gaurav Mukherjee1, Ali Israr2, Elia Gatti3, Patrick Aubin1,4, Eric Rombokas1,4, Raymond

King2

1. Department of Mechanical Engineering, University of Washington, Seattle, WA 98195, USA

2. Facebook Reality Labs, Redmond, WA 98052,

3. Dr. Gatti is now with Amazon, London, W6 9LA, UK, 4. Center for Limb Loss and Mobility (CLiMB), VA

RR&D, Seattle, WA 98108, USA

4.1 Abstract

Wearable devices such as orthoses and vibrotactile haptic devices experience loss in per-

formance when physically coupled to the body. Coupling to soft tissue reduces the de-

vice’s ability to exert force to induce the desired motion. Significant mechanical power is

expended in compressing the viscoelastic tissues of the body. Currently, these issues are

overcome by increasing the coupling pressure between the device and the body. However,

this leads to increased discomfort.

To couple wearable devices to the body comfortably and to maximize device performance,

we must design the human device interface (HDI) by considering the mechanical charac-

teristics of the tissue structures. A necessary first step, and the focus of this work, is to

identify and characterize the appropriate mechanical properties of the tissue structures of

the body. Using a custom robotic indenter, we characterize the stiffness of human tissue at

the wrist for the design of comfortable and efficient wearable devices.

We find that stiffness of tissues changes with locations around the wrist, and with coupling
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pressure. We find that stiffness is higher over bone rich locations as compared to soft tis-

sue rich locations. As coupling pressure increases, the stiffness over both bone rich and

soft tissue locations increases. These findings demonstrate that the mechanical response

of the tissue to loading changes with coupling pressure, and location on the wrist. There-

fore, to truly optimize the design of the wearable device, we must account for the different

properties of the human wrist.

4.2 Introduction

The skin and the underlying tissues at the wrist act as the interface for wearable devices,

including prostheses, exoskeletons and haptic displays. Whether we aim to couple de-

vices comfortably to the body, or to convey rich information via touch, this tissue interface

forms the natural conduit. Designing wearable devices without considering the mechani-

cal behavior of the underlying tissues may cause injury due to the mismatch of mechanical

impedance [4], or it may result in poor communication of signals from a haptic display to

the body [27].

While the mechanical behavior of the skin layer to perturbation have been quantified at

different discrete locations on the body with an abundance of soft tissue [[?, ?, 4]], wear-

able devices such as haptic displays are coupled to entire anatomical cross-sections with

varying tissue composition. As a result, the mechanical behavior at the device-body in-

terface may have a vastly heterogenous profile around a cross-section of a limb [28]. The

wrist is a popular anatomical cross-section for coupling wearable haptic displays. Cuta-

neous displays such as those in smart watches (Apple Watch and Fitbit Surge), as well as

novel kinesthetic displays [?, 29] are being developed to transmit haptic information across

this anatomical region, however, the mechanical response of the wrist have not been char-

acterized. The goals of this paper are to quantify the variability of mechanical response

about the wrist, and to present a candidate path for modeling this behavior to assist in

the development of wearable haptic displays.
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We address these goals by quantifying the mechanical response of the tissue structures, at

candidate sites about the wrist, to static and dynamic loads. Prior research has quantified

the use of indentation and suction type techniques to quantify the mechanical response

of the skin layer alone to small static loads [30]. Of these methods, indentation tests are

the closest emulation of the coupling forces present at the device-body interface for both,

cutaneous and kinesthetic squeeze type displays. This paper’s specific contributions are as

follows:

• Quantification of the force displacement relationships around the wrist across 13 sub-

jects.

• An analytical model of the mechanical response of the wrist based on the force dis-

placement data.

• Quantification of the relative effects of anatomical locations, indenter sizes and veloc-

ity of indentation about the wrist on the mechanical response to indentation loading.

The following sections describe the design of the experiments, the design and validation

of the apparatus, and our approach to modeling the wrist’s response to large quasi-static

indentations, and harmonic oscillations at different frequencies and coupling pressures.

4.3 Methods

4.3.1 Study Design

The biomechanical response to indentation of tissue about a cross-section of the wrist is

composed of the individual mechanical responses of different layers of tissues, ranging from

skin, adipose tissue, fascia, tendons, vascular structures, ligaments and bones. To examine

the variability in the mechanical response to the static loading of the wrist cross-section,

we designed an experiment driven by the hypothesis that the stiffness of the wrist tissue

composition is a function of the location around the wrist. We further hypothesized that

the stiffness of the tissue varies as a function of the depth of indentation into the skin.



47

Figure 4.1: a. Wrist Impedance Measurement Platform: 1. Translation Stage, 2.6-axis load
cell, 3.Contactor, 4.Arm rest, 5.Reaction wall, 6. Adjustable mechanical stop; b. Arm rest-
ing on arm rest and being indented over position corresponding to ulnar bone. Note that
the reaction wall and indenter are angled to support the arm with a flat surface, and to
indent the arm in the normal direction to the anatomical topology, respectively.

To test these hypotheses, we designed an experiment to quantify the force and displace-

ment during indentation of four distinct anatomical locations (tendon, radial styloid pro-

cess, dorsum and ulnar styloid process) about a cross-section of the wrist across 13 sub-

jects. We decided to vary indenter diameters (10 mm and 15 mm), across two velocities

(1 mm/s and 4 mm/s.) and 3 forces (1 N, 3 N, 5 N). We used a block design for locations

and indenter sizes, and we randomized across target forces and velocities with six trial rep-

etitions for each condition for a total of 288 trials per subject.

A two pronged approach was adopted for the data analysis: In the first approach, we de-

cided to estimate the stiffness of the tissue independently from the loading and unload-

ing sections of the measured force and displacement data at each location, for a depth of

indentation between 0.5 mm to 3 mm at 0.5 mm increments. We fit a first order linear

model using the maximum likelihood estimation over a 100ms window around the depth

of interest across the six repeated trials for each condition. In the second approach, we de-

cided to fit single exponential curves independently to the loading and unloading sections

of the trials corresponding to the maximum loading (5 N) in our experiment.
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4.3.2 Apparatus Design And Characterization

Design: Wrist Impedance Measurement Platform

The wrist impedance measurement platform (WIMP) is a custom robotic indentation sys-

tem, which is designed to deliver a precise displacement at different points about a partic-

ipant’s wrist, and to measure the resulting reaction force. The WIMP is comprised of an

indentation stage and an arm rest attached to a vibration isolation optical table (Thorlabs,

UK). The indentation stage is equipped with an ATI Nano 17 load cell (ATI Inc., USA),

coupled to a translation stage (LTS 150 Thorlabs, Inc., UK). The overall stiffness of the

indentation system is ksystem = 1.128 × 103N/mm. This was calculated based on a series

spring model, comprised of the load cell (kloadcell = 1.1 × 104N/mm) and the translation

stage (kstage = 1.256×103N/mm), which is similar to the reported stiffness of cortical bone

in prior indentation studies (kbone = 1.595 × 104N/mm). Indentation force is applied on

the location of interest by punch-type flat circular contactors of either 10 mm or 15 mm

diameter. The contactor is hard anodized (Type 3) to ensure electrical and thermal isola-

tion from the subject. The indentation system is assembled on a rotating optical plate to

allow for angular alignment with the participant’s arm.

The arm clamp was designed with cup type supports below the elbow and palm, and a

cylindrical reaction wall which opposed the movement of the arm when an indentation

was applied. The elbow and hand supports as well as the reaction wall were adjustable

in height as well as in planar location on the optical tabletop. This design allowed the ex-

perimenter to adjust the fitting to accommodate variations in the participant’s height and

arm dimensions to maximize comfort and to minimize unintentional movement.

The WIMP is equipped with redundant safety features - An adjustable stage translation

limiter (Fig. 4.1. a.) allowed us to set the maximum travel for the stage towards the par-

ticipant’s arm such that the highest achievable force was 5.5 N. This adjustment was per-

formed during the wrist calibration process with the participant’s arm in place. Addition-
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ally, an electrical stop was placed within arm’s reach of the participant which cut off power

supply to the translation stage of the WIMP. In conjunction with quick releases on the

arm rest, this allowed a redundant physical safety feature. Software safety features such as

a pause functionality and a default off state were programmed into the device and tested

repeatedly before experimentation. A second investigator was present as a spotter for the

participant during the entire experiment.

Figure 4.2: A precision compression spring mechanism to characterize the WIMP. The
parts of the mechanism are: 1. Aluminum cap with a centering hole of diameter 15mm
with an oiled brass sleeve insert; 2. Precision compression spring on a pull-out dowel
guide; 3. Aluminum base plate with mounting holes; Findenter represents the force applied
by the WIMP indenter to compress the spring.

Device Characterization

To characterize the WIMP, we developed a custom low friction spring loading mechanism

(4.2) to quantify how well the device would be able to estimate the stiffness of a spring

with a known spring rate. The characterization mechanism is comprised of a pull-out dowel

housed in a steel plate on one end, with mounting holes matching those on the bracket at-

tached to the reaction wall on the WIMP (4.1). The pull-out dowel acts as a guide for a

cup with an oiled sleeve bearing, a washer and a precision compression spring captured

between the steel plate base and the washer. The cup has a 15 mm diameter centering

hole to align the indentation stage. A precision compression spring of known spring rate (



50

kspring = 0.359N/mm: Part No. C10-022-048, Jones Spring Co., Kentucky, USA) was com-

pressed to a target force of 5N using the WIMP, and the spring rate was estimated from

a linear curve fit on the loading and unloading curves of the resulting force displacement

curves.

Figure 4.3: Wrist Calibration And Measurement Approach a. A representation of the pa-
per metric scale with holes used to align the anatomical landmarks on the wrist to a com-
mon measure. The red circles demonstrate the points that aligned with the anatomical
landmarks for a sample participant; b. A calibrated wrist being indented over the ulna,
with support from the reaction wall to prevent movement; c. A representative force dis-
placement plot from 6 repetitions from one participant - indentations over ulna and ten-
don.

4.3.3 Experimental Protocol

14 healthy participants (4 female, median age: 31 Years (male), 27 Years (female), median

wrist circumference: 173.5 mm (male), 152 (female)) volunteered to participate in a study

approved by an internal environmental health and safety review at the Facebook Reality

Labs, Redmond, WA. One participant was excluded due to difficulties in maintaining a
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static pose throughout multiple trials in the prescribed duration of the session.

The subjects were introduced to the experiment, the apparatus and the safety protocol

for the experiment. After obtaining consent, measures such as height, weight and wrist

circumference were collected.

To account for the variability in the size and shape of wrists across participants, we mapped

the locations of the four indentation locations to a linear graduated scale. Participants

were seated at a table and a metric paper tape measure (width, 22 mm), punched with

holes of 4 mm diameter placed 20 mm apart, (Fig. 5.2. a.) was attached to the wrist on

the right arm such that the center of the holes were 11 mm proximal to the prominence

of the ulnar styloid process on the wrist. The first location, indexed at 0, was aligned to

lie on the volar aspect of the wrist along the long axis of the forearm, between the elbow

and the third digit of the outstretched hand over the flexor tendons. The holes in the pa-

per tape which were closest to three other anatomical landmarks, namely the radial styloid

process, the dorsum and the ulnar styloid process, were used to mark the wrist for inden-

tation (Fig. 5.2. b.). Following the calibration procedure, participants were seated on a

height adjustable lab stool with their right forearm placed in the arm clamp (Fig. 4.1).

The participant’s arm was rotated to ensure flat contact of the target position on the wrist

with the indenter (Fig. 5.2. b.), and the participant was given detailed instructions about

the experiment, and was asked to drive the indentation stage to experience the highest

loading levels expected during the trial. Participants also familiarized themselves with the

use of the emergency stop button and the pause functionality. The mechanical stop was

adjusted to prevent the movement of the translation stage towards the arm once the high-

est target force had been achieved.
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4.4 Results

4.4.1 Characterizing the WIMP

To characterize the WIMP, we indent a precision compression spring of known spring rate

(kspring = 0.359N/mm) to the maximum loading in our proposed experimental protocol

(5N) and estimate the stiffness from a linear fit to the loading and unloading curves. Fit-

ting a linear model to the loading curves for 6 trials using the maximum likelihood esti-

mation algorithm yields a stiffness estimate of 0.376 N/mm (p-value = 0.00) which is an

overestimation by 4.76% (Fig. 4.4).

Figure 4.4: Estimation of spring stiffness from a linear fit over loading data

4.4.2 Quantification of stiffness about the wrist

In this study we indented four tissue sites about the right wrists for 13 participants un-

der different velocities, indenter diameters and at different load levels as described in the

methods above. We recorded the reaction force and displacements throughout the inden-

tation and relaxation phases. We took two approaches to analyzing the force displace-

ment data. We computed stiffness at the different locations about the wrist at depths of

indentation ranging from 0.5 mm up to a depth of 3 mm by fitting a straight line using the

maximum likelihood estimate algorithm to a 100 ms window (100 data points) centered at

the target depth of indentation on the loading and unloading curves separately (Fig. 4.5).

In both the loading and the unloading sections, as seen on the semi log plots (Fig. 4.5),
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the average stiffness estimated from the empirical data were significantly higher at the two

positions corresponding to the location of the radial and ulnar styloid processes (1.85 + /−

0.7N/mm) as compared to the the softer tendon and dorsum (0.47 + / − 0.13N/mm). We

also observe that the stiffness tends to increase with increase in indentation depth, with

the rate of increase over the bony regions being greater than that over the regions of rela-

tive abundance of soft tissue structures.

Figure 4.5: Stiffness computed from measured data. Panel a. represents fits to loading sec-
tion data. Panel b. represents fits to unloading section data

4.4.3 Modeling the mechanical response of the wrist

From the indentation experiments, we approximated the variation of force from the load-

ing and unloading phases with two separate exponential functions of the form: a ex p(bx)

(one for each phase). The a and b parameters were obtained by fitting the data using a

maximum likelihood estimation-based algorithm. The average goodness of fit was R2 =

0.82 + /− 0.12 in the unloading phase, and R2 = 0.88 + /− 0.08 in the loading phase.

The coefficients a and b represent the gains or coefficients of the base and exponent for

the exponential functions fit to the data. Physically, they represent the rate of change in

force with indentation of the tissue. In this analysis, we tested whether the experimental

conditions, namely location of the indentation, velocities of indentation, and indenter size
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Figure 4.6: Average fit coefficients from the exponential functions fit to the loading and
unloading section respectively

had a statistically significant effect on the coefficients of the exponential function fit to the

data.

To test this, we run a multiple-way repeated measures MANOVA. The fit coefficients for

loading and unloading are treated as separate dependent variables, and the 4 locations,

the 2 indenter sizes and the 2 indentation velocities are treated as independent variables.

Modified ANOVA Type Statistics (MATS) for the velocity and indenter size showed no

significant effect on the gain coefficients of the exponential function (p > 0.22). Location

was the only statistically significant variable (pvalue < 0.001).

We ran follow-up repeated measures one-way ANOVAs and post-hoc t-tests with Bonfer-

roni corrections for each coefficient (a and b) with location held as the independent vari-

able. Results showed that during loading, the base coefficient a was significantly different

across all the locations (p < 0.05) except for the pairwise comparisons between tendon

and dorsum (p = 0.07), between radius and ulna (p = 0.46), and between dorsum and

ulna (p = 0.06). The exponent coefficient b was significantly different for all the pairwise

comparisons between locations (p < 0.001).

In the unloading phase, the base coefficient a was statistically different between tendon

and all the other locations (p < 0.01). No difference was found in any other pairwise com-

parison (p − value > 0.25). Similar to the loading phase, the exponent coefficient b in the

unloading phase was significantly different for every pairwise comparisons between loca-
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tions (p < 0.05).

Differences in the exponential fit between the loading and unloading phases

After assessing the effects of location, velocity, and indenter size on the fit coefficients of

the exponential functions, we focused our analysis on the difference between the coeffi-

cients obtained from loading and unloading data. This analysis was aimed at identifying

any hysteretic behavior of the tissue in the loading and the unloading phase.

We run a 2-ways repeated measures MANOVA on the base and exponent coefficients of

the exponential functions with phase (loading or unloading) and location as independent

variables. We decided to include location in the current statistical model to test interac-

tions between phase and location, that is: whether hysteretic behavior was a function of

locations around the wrist. Results from the MANOVA showed that location, phase, and

interaction between phase and location where statistically significant (p − value < 0.001)

confirming the presence of hysteresis. We then run separate post-hoc ANOVAs and pair-

wise t-test with Bonferroni correction for both the exponent and the base coefficients.

The ANOVAs on the two coefficients showed main effects of both phase and location, as

well as a significant effect of the interactions (p < 0.0001). The main effects of phase and

interaction can be discussed as follow: the exponent coefficient was higher during unload-

ing, indicating a faster change in the reaction force obtained from the displacement of the

skin. On the other hand, the base coefficient a, was significantly higher during the loading

phase, meaning that given the same displacement, during the loading phase the skin was

delivering higher reaction forces than during the unloading phase. Moreover, the signifi-

cant effect of the interaction showed that the extent of such hysteretic behavior, although

always present (main effect of phase) was different across locations (Fig. 4.7).
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Figure 4.7: Stiffness varies significantly with location

4.5 Discussion

4.5.1 A simple exponential model is predictive of empirical data

The stiffness estimated from the exponential models fit to the loading and unloading curves

demonstrate similar behavior to that observed from the local linear fits applied to the

measured data (Fig. 4.8). This observation demonstrates an interesting path forward for

prescribing engineering metrics for haptic display design.

Figure 4.8: Stiffness computed from exponential fit. Panel a. represents fits to loading sec-
tion data. Panel b. represents fits to unloading section data

4.5.2 Classical approaches to modeling the mechanical impedance to indentation may be

insufficient for deeper tissue indentation

The mechanical impedance response for a low load appears to be similar for both bony

and soft tissue regions (Fig. 4.5). Our data indicates that there is a 1 mm range over soft
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tissue and bone that represents the skin (Fig. 5.2 c.). Beyond this, non-linear regions are

engaged at relatively low loads. If the target range of coupling force or squeeze force is

greater than 0.5 N then deep tissue mechanics over a given anatomical region need to be

accounted for in the haptic display design process.

4.5.3 Implications of the knowledge of mechanical impedance on haptic actuator design

High variability in stiffness impacts the design of the haptic display, especially resonators

with sharp frequency bandwidths or high q-factors. Also, as compliant wearable haptic

displays become more prevalent [?], the relative effect of the tissue mechanical proper-

ties on display design will increase. The ability to prescribe desired haptic signals with

increasing coupling force require a quantification of the response of the tissue site to me-

chanical coupling loads. As an example, the field of squeeze haptics presents an interest-

ing case study where the variation of coupling force between the display and tissue sites

around the coupling region on the body may affect the signal that is transmitted to the

user. The high variability observed in the mechanical impedance at different indentation

depths around the wrist demonstrates a need to account for this variability in the design

of the haptic signals targeted at different squeeze levels [?].

4.6 Conclusion

We quantified the mechanical response of the tissues at the wrist to indentation loading

at 4 candidate sites across 13 participants. We presented a modeling approach for the ob-

served mechanical response data and demonstrated that location about the wrist signifi-

cantly affected the mechanical behavior of the wrist to indentation forces. We also demon-

strated a clear increase in mechanical stiffness with indentation depth, which implies that

the mechanical behavior of the tissues about an anatomical cross-section change when de-

vices are coupled to them. This finding is important to consider for the design of wearable

devices including haptic displays to ensure that we can transmit desired information to the

users of these wearable devices.
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In the characterization of our indentation device, an average error of 4.76% in the esti-

mated stiffness was observed. This can be attributed to the tolerance between the sleeve

bearing and the pull-out dowel used as a guide for the bearing. The surface contact can be

reduced by employing ball bearings. The variation in the anatomical layout of wrists be-

tween subjects is considerable, and this introduces experimental challenges in identifying

and aligning target positions repeatably. Additionally, constraining the high number of de-

grees of freedom of the arm is difficult and minor movements have been observed to cause

significant variability in the estimated mechanical impedance. This study also investigated

only 4 candidate sites around the wrist and future studies should investigate the effects of

including a more detailed topological representation of the wrist. Extending this investiga-

tion into dynamic regimes may help us understand the role of soft tissue in the mechanical

behavior of the wrist. It would also be interesting to examine paths to generate impedance

matched surfaces with this data.
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Chapter 5
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SENSITIVITY THRESHOLD AT THE WRIST TO IMPROVE
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Raymond King2
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Before reaching the mechanoreceptors, vibrotactile signals are filtered by the surrounding

skin tissues. As the mechanical properties of such tissues vary with location and coupling

pressure between the vibrotactile actuator and the tissues, the same external vibration will

induce different somatosensory responses at different anatomical locations and coupling pres-

sures. To compensate for this, it is necessary to first characterize the mechanical impedance

and detection threshold for vibrotactile stimuli at different locations as well as to understand

the effect of coupling pressure between the vibrotactile actuator and the tissue. We quantify

the mechanical impedance and detection threshold at two biomechanically distinct locations

about the wrist. We measure the mechanical impedance of the tissues on a log contrast scale

in decibels of newton seconds per meter (Ns/m), and the detection threshold in terms of
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displacement, force and finally in a novel representation in terms of peak mechanical power.

We demonstrate that bony regions are stiffer and more perceptually sensitive to vibrotactile

stimuli than tendinous regions, and that increasing coupling pressures increases the mechan-

ical impedance, while it decreases the detection threshold when described in displacement

and position. We also find that upon describing the detection threshold in terms of the

peak mechanical power, we no longer have to worry about the coupling pressure between the

actuator and the tissue. This gives rise to the conjecture that the detection of a vibrotac-

tile stimulus may be influenced predominantly by the mechanical power filtered through the

tissues to the mechanoreceptors.

5.1 Introduction

Skin is a multi-layered viscoelastic organ which is embedded with afferent sensory organs

called mechanoreceptors. Mechanoreceptors are specialized in detecting different types of

stimuli that exceed a threshold of mechanical stimulus (Cholewiak et al., 1991). This thresh-

old or limen of stimulus that activates the mechanoreceptors is of interest to engineers who

design wearable robots, such as prostheses, exoskeletons, and haptic displays. While prior

research has characterized the detection threshold for vibrotactile stimulus for glaborous and

hairy tissues (Bolanowski, 1988), the anatomical locations selected for examination tend to

be rich in soft tissues. The difference in the threshold between anatomical locations that are

richer in bone and those where soft tissue is more prevalent is not clearly understood. Also,

since wearable robots are physically coupled to entire cross-sections of anatomical regions

with diverse mechanical properties, the effect of coupling pressures between actuators and

the body on the detection threshold is of particular interest.

The wrist is one such important and common anatomical location where wearable robots

are coupled to the body. The cross-section of the wrist is biomechanically diverse, and has

regions such as the carpal tunnel which is rich in soft tissue structures such as tendons,

vasculature and fascia. This region is enclosed by the carpal bones, and the radius and the
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ulna. When wearable robots are coupled to the wrist, they apply coupling pressures over skin

and the underlying tissues, over both bony and tendinous regions. Therefore, to characterize

the variation in mechanical properties and the vibrotactile sensitivity as a function of the

tissue structures under the skin, this work quantifies the mechanical impedance and detection

threshold under three coupling pressures applied at two regions about the wrist - over the

tendinous area proximal to the carpal tunnel, and over the radius bone, along the long axis of

the carpometacarpal bone. As the mechanical properties of the composite tissues vary with

location, we hypothesize that the same external vibration will induce different somatosensory

responses at the two anatomical locations with the bone rich, ”radius” location being more

sensitive than the soft tissue rich, ”tendon” location.

The following sections describe the design of our experiment, followed by the quantifica-

tion of the mechanical impedance in Ns/m units and detection threshold in units of position,

force and finally mechanical power for vibrotactile stimuli chosen from a perceptually relevant

frequency band spanning 10 to 320 Hz.

5.2 Methods

5.2.1 Apparatus

We use the Wrist Impedance Measurement Platform for this experiment (Fig. 1). The design

and characterization of the device have been described in chapter 4.

Figure 5.1: Schematic of the Wrist Impedance Measurement Platform showing the actua-
tor and arm rest
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5.2.2 Design of experiment

18 participants consented and took part in an experiment approved by the Washington In-

ternal Review Board, aimed at characterizing the change in detection threshold as a function

of wrist locations and coupling pressures. Data from 3 subjects were excluded for excessive

arm movement and for poor compliance with instructions during the experiment. We char-

acterized the biomechanical property of mechanical impedance, and the perceptual property

of absolute detection threshold, simultaneously.

The mechanical impedance is the resistance of the structure to motion applied to it. It

is quantified as the gain between the reaction force and the applied harmonic velocity at a

given frequency. The absolute detection threshold is the lowest signal that can be reliably

perceived by an individual. We quantified both our metrics using a 3 alternate forced choice

(AFC) design with a maximum likelihood based estimation of the detection threshold from

a staircase method called QUEST [31]. Our experiment utilized a C++ implementation

of the QUEST paradigm based on the Matlab PsychToolbox [32, 31, 33]. Each QUEST

comprised of a staircase of stimuli. The intensity of the stimuli increased if the participant

failed to identify the correct window, and the stimulus intensity decreased if the window was

identified correctly. The QUEST was considered converged when a constraint of 30 trials

and 6 reversals was achieved.

The factors, location and coupling pressure had 2 and 3 levels, respectively. We measured

the mechanical impedance and detection threshold at 1N, 3N, and 5N of force, which trans-

lated to 5.7 kPa, 17 kPa, and 28.3 kPa over a contactor with diameter 15 mm, respectively.

Location had the levels, tendon and radius. Tendon refers to the soft tissue rich location on

the wrist proximal to the carpal tunnel, and radius refers to the bone rich location along the

radial bone, just proximal to the radial styloid process. We quantified mechanical impedance

and detection threshold values at 5 frequencies spaced logarithmically between 10 Hz and

320 Hz. Using a block based design, we measured the detection threshold and mechanical

impedance for each location as an independent block, randomized between subjects. Within
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each block, each QUEST was quantified for a randomized combination of frequency and

coupling pressure, for a total of 15 QUESTS per location. For every trial, the contactor

between the load cell and the wrist was made of Delrin (Shore hardness, D-83). Since every

participant experienced all conditions, this is a within subjects design.

5.2.3 Experiment - Measurement of mechanical impedance and detection threshold

The participants were introduced to the experiment, the apparatus and the safety protocol

for the experiment. After obtaining consent, measurements of the location of the indentation

points on the wrist were made. To account for the variability in the size and shape of wrists

across participants, we mapped the locations of the four indentation locations to a linear

graduated scale.

Figure 5.2: a. Calibration of the wrist to a measuring tape to map variability in locating
anatomical features on the wrist across participants, b. Trial in progress, c. Coupling force
applied at the tendon and the ulnar bone.

Participants were seated at a table and a metric paper tape measure (width, 22 mm),

punched with holes of 4 mm diameter placed 10 mm apart, (Fig. 5.2. a.) was attached to

the wrist on the right arm such that the center of the holes were 11 mm proximal to the

prominence of the ulnar styloid process on the wrist. The first location, indexed at 0, was
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aligned to lie on the volar aspect of the wrist along the long axis of the forearm, between the

elbow and the third digit of the outstretched hand over the flexor tendons. The holes in the

paper tape closest to three other anatomical landmarks, namely the radial styloid process,

the dorsum and the ulnar styloid process, were used to mark the wrist for indentation (Fig.

5.2. b.).

Following the calibration procedure, participants were seated on a height adjustable lab

stool with their right forearm placed in the arm rest (Fig. 4.1). The participant’s arm was

rotated to ensure flat contact of the target position on the wrist with the indenter (Fig. 5.3,

Fig. 5.4).

Figure 5.3: Trial in progress: Stack actuator is shown with a displacement sensor at the
left end of the actuator. The force sensor is connected to the actuator head, and to the
Delrin flat contactor. The contactor is applying a coupling pressure of 28.3 kPa over the
tendinous region of the wrist. The stage displacement sensor is used to measure the dis-
placement of the arm rest to apply the coupling pressure to the wrist.

The participants were then given detailed instructions about the experiment, and were

asked to drive the indentation stage to experience the loading levels to be expected during

the trial. Participants also familiarized themselves with the use of the emergency stop button

and the pause functionality. The mechanical stop was adjusted to prevent the movement of
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the translation stage towards the arm once the highest target force had been achieved.

Figure 5.4: The dorsal aspect of the arm is supported by a reaction wall. This wall is held
in place with a quick release screw that allows the participant to recover their arm from
the test set-up in the eventuality of an emergency.

The stimulus applied to the wrist is a displacement corresponding to a windowed pure

tone sine wave at a frequency and peak to peak amplitude, with a rising segment of 0.1

second duration, a steady section of 1 second duration, and a fall of 0.1 second duration

5.5. The stimulus is generated at the piezoelectric stack actuator in response to a reference

control waveform generated by a NI 9125 data acquisition system with an on-board function

generator.

When the sine wave stimulus is applied as a displacement to the tissue, the response

is measured as a reaction force. The phase lag of the reaction force with respect to the

displacement demonstrates the expected causal relationship. Additionally, we see a slow

oscillatory wave modulated with the reaction force. We believe that this is due to the

residual unconstrained movement of the arm in the arm rest 5.6.

During the experiment, subjects wore noise cancelling headphones that played pink noise

to remove the effect of ambient noise. Further, subjects were instructed to focus on the
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Figure 5.5: Windowed pure tone sinusoidal stimulus at 57 Hz.

Figure 5.6: Input windowed pure tone sinusoidal displacement stimulus at 24 Hz and out-
put force response.
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screen placed in front of them where a visual feedback was provided to indicate the force

fluctuation at the contact point. This was done to allow the subject to self regulate the

microscopic movements of their arm while being seated for the duration of the experiment.

This visual indicator was removed during the actual trial so as to not bias the subject’s

tactile estimation of the presence of the stimulus with a visual indicator.

For each location, three coupling pressures and five frequencies were tested. For each

combination of coupling pressure and frequency. participants completed a QUEST, which

were a series of trials with decreasing or increasing intensity levels of the stimulus, intended

to estimate the detection threshold. The quest was considered converged at 30 trials, unless

the total number of reversals, the occurrence of either an incorrect trial following a correct

trial, or vice versa, was less than 6. If the number of reversals was less than 6, the quest

continued until this criteria was met.

Figure 5.7: 3 AFC based estimation of absolute detection threshold

In each trial there were 3 phases - the first phase of each trial, the stage on which the

arm rests, moved towards the static actuator at 5 mm per second. Once the actuator made
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contact with the wrist, the actuator proceeded to indent the site at 2mm per sec., until

the prescribed coupling pressure of 17 kPa, or 3N of force has been reached. At this point

the indentation stage stopped moving and the visual force feedback indicator disappeared

from the screen. In the second phase of the trial, 3 windows were provided to the subject,

delineated by auditory beeps played over the headphones. One of the windows contained the

stimulus applied to the wrist. The subject’s task was to identify which of the three auditory

windows also contained the stimulus. The location of the stimulus was randomized in each

trial. When the subject correctly identified the stimulus window, the subsequent trial would

have an identical stimulus at a lower peak to peak displacement amplitude. If the subject

failed to identify the correct window, the subsequent trial would have a stimulus with a

higher amplitude of displacement. The displacement amplitude of the stimulus for each trial

was estimated using the QUEST methodology. In the third and last phase of each trial, the

indentation stage would drive the arm back at 2 mm per sec. until loss of contact between

the robot and the arm. This marked the end of the trial.

The QUEST toolbox estimated the detection threshold by fitting a psychometric func-

tion to the array of the correct or incorrect responses for each trial and the amplitude of

the stimulus. This detection threshold in voltage units is then multiplied by a gain value

for the specific frequency to estimate the detection threshold in displacement units. The

displacement data and the force data are then used to compute the mechanical impedance

for each frequency and coupling pressure.

5.3 Results

5.3.1 Mechanical Impedance Measurements

The mechanical impedance was measured in decibels for each frequency and coupling pres-

sure. We find that as the frequency increases from 10 Hz to 320 Hz, the mechanical impedance

decreases over the radius location. This trend is true for all 3 coupling pressures. For the

tendon, at the lowest coupling pressure of 5.7 kPa, the mechanical impedance decreases
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until 135 Hz, and then begins to rise again. This inflection point is pushed to a higher fre-

quency beyond the measured band when the coupling pressure is increased. The mechanical

impedance over the tendon also increases with increasing coupling pressures. The mechani-

cal impedance of the tendon location is lower than that for the radius location for the same

coupling pressure.

Figure 5.8: Mechanical Impedance over radius and tendon

5.3.2 Detection Threshold Measurements

Position Detection Threshold

The position detection threshold represents the smallest displacement that the participants

can perceive reliably. It is measured in terms of peak-peak displacements and is reported in

meters. The position detection threshold changes with frequency, and coupling pressure for a

given location. Also, the position detection threshold is higher over the tendon as compared

to the radius location, for the same coupling pressure. As the coupling pressure increases,

the displacement detection threshold decreases.
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Figure 5.9: Position Detection Threshold over radius and tendon

Force Detection Threshold

The force detection threshold, derived from the concurrent force measurements made during

each trial represents the smallest stimulus force that the participants can perceive reliably.

It is measured in terms of peak-peak force values and is reported in Newtons. The force

detection threshold changes with frequency, and coupling pressure for a given location. The

force detection threshold is higher over the radius as compared to the tendon location, for

the same coupling pressure. Intuitively, but interestingly, as the coupling pressure increases,

the force detection threshold increases.

Power Detection Threshold

Since the detection threshold demonstrated variations in both force and position units, we

describe the detection threshold in terms of a function that captures the effects of both

force and displacement, mechanical power. The power detection threshold, derived from the
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Figure 5.10: Force Detection Threshold over radius and tendon

force and displacement measurements made during each trial, represents the lowest peak

mechanical power transmitted to the tissue that makes the stimulus reliably detectable.

The power detection threshold changes with frequency, and location. However, the power

detection threshold does not vary with coupling pressure. The power detection threshold is

higher over the tendon as compared to the radius.

5.4 Discussion

We measured the input-output relationship between the displacement and force signals when

a vibration is applied to the wrist over bony and soft regions. We find that the mechanical

impedance is higher over the bone than it is over the tendinous region. By increasing the

coupling pressure over both regions, we increase the tissue mechanical impedance. Interest-

ingly, as we increase the coupling pressure over the tendons, we find that the tissue changes

behaviour in our frequency band, from a second order viscoelastic system to a primarily

elastic system. Anecdotally, all the participants reported feeling more comfortable when the
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Figure 5.11: Power Detection Threshold over radius and tendon

pressure was applied over the bony region, which may be due to the vasculature, tendon

structures, and nerves that pass through the carpal tunnel.

We measured the vibrotactile detection threshold using a 3 AFC bayesian method called

QUEST. The detection thresholds were reported in the standard position units of meters,

force units of Newtons and in a novel extension, in terms of the normalized peak mechanical

power unit of Watts/meter2.

The position detection threshold varies with frequency for a given location. When com-

pared to prior literature, there is good agreement with Bolanowski’s reported detection

threshold values. However, Bolanowski reported detection threshold results estimated from

the thenar eminence. There is no prior literature on detection thresholds from the wrist. It

appears that the thenar eminence is more sensitive than the wrist, particularly when com-

pared to the region over the tendons. However, the trend demonstrate by Bolanowski’s data

for this range is similar to the wrist data from our experiments. No comparisons were found

for the effect of coupling pressure.
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Figure 5.12: Position Detection Threshold over radius and tendon. Comparison with
Bolanowski 1988

The force detection threshold was measured in Newtons and has never been reported

for the wrist. Interestingly, the force detection threshold demonstrates an increase in force

required for stimulus to be detectable, when coupling pressure is increased. This result

seems intuitive since as coupling pressure increases, the mechanical impedance of the tissue

increases, making the required force to deform tissue to a detectable limit higher.

The power detection threshold has not been reported before, to our best knowledge.

We report this in Watts/m2, normalizing the power for the contactor area. This data

accounts for coupling pressure and demonstrates that as long as the peak mechanical power

transmitted to the tissue remains at or above the threshold, irrespective of the coupling

pressure, the stimulus would be detectable.

5.5 Conclusion

The detection threshold is a key metric of perception reported for different anatomical lo-

cations (Bolanowski, 1988; Cholewiak et al., 1991; Cholewiak et al., 2003). However, this

metric had never been quantified for the wrist. The wrist is both interesting and challenging
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to study since the mechanical impedance of the tissue is diverse and the bony regions require

actuators with higher mechanical impedance to deliver unchanged actuation. In this experi-

ment, we observe that the position detection threshold over tendon is higher than that over

the radius. Further, the increasing coupling pressure led to higher sensitivity to the stimulus.

Finally, the novel power detection threshold demonstrates that the coupling pressure ceases

to matter as long as the mechanical power delivery can be assured. The higher detection

threshold over the bony region could be due to a higher density of mechanoreceptors at that

location. However, we observe that the detection threshold decreases with increasing cou-

pling pressure. Since detection threshold is mediated by the power per unit area transferred

to the tissue and onward to the mechanoreceptors, we conjecture that if we change the power

transmitted to the tissue, then the detection threshold will change as well.
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Chapter 6

TUNING THE SENSITIVITY TO A VIBROTACTILE
STIMULUS THROUGH THE MECHANICAL IMPEDANCE

OF THE HUMAN DEVICE INTERFACE

Gaurav Mukherjee1, Ali Israr2, Majed Samad3, Patrick Aubin1,4, Eric Rombokas1,4, Ray-

mond King2

1. Department of Mechanical Engineering, University of Washington, Seattle, WA 98195, USA

2. Facebook Reality Labs, Redmond, WA 98052,

3. Dr. Samad was with the Facebook Reality Labs, and is now with Google SEA - South Lake Union, Seattle,

WA 98109,

4. Center for Limb Loss and Mobility (CLiMB), VA RR&D, Seattle, WA 98108, USA

6.1 Abstract

Somatosensory mechanoreceptors in the skin on the human wrist are activated at a fixed

threshold of deformation (Biswas et. al. 2015). This implies that the perceptual sensitiv-

ity to tactile stimuli on the wrist depends on the mechanical power that is transmitted to

the mechanoreceptors. To test this theory, we first measured the detection threshold to

a vibrotactile stimulus applied by a piezo stack actuator in direct contact with wrist tis-

sue, and then in the presence of materials of different mechanical impedance at the human

device interface (HDI). We demonstrate that as the mechanical impedance of the HDI ma-

terial decreases, vibrotactile stimuli with higher input peak mechanical power are required

for the stimulus to reach detection threshold, since the HDI material absorbs a significant

proportion of the input power. This implies that the transmission of a vibrotactile stim-

ulus to the mechanoreceptors can be tuned by changing mechanical impedance alone, as-

suming equal density of mechanoreceptors all around the wrist.
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6.2 Introduction

In literature, and industry a common issue that plagues haptic device design is the vari-

ability of perceived intensity of stimulus across anatomical locations for identical stimuli

(Cholewiak et al., 2003). One such anatomical location commonly used to couple hap-

tic displays is the wrist. The wrist is biomechanically diverse, with soft tissue rich tendi-

nous regions encapsulated by bone rich locations. Our prior research has characterized

both mechanical and perceptual properties at these diverse locations about the wrist cross-

section and we found that, across locations, mechanical impedance and vibrotactile de-

tection thresholds change with frequency, location, and coupling pressures. We also dis-

covered that the detection of a stimulus could be described in terms of mechanical power,

which accounted for the variations in coupling pressure. This finding supported prior liter-

ature (Biswas 2015) to suggest that perceievability of a stimulus is dependent on the me-

chanical power that is transmitted to the mechanoreceptors through the tissues. our goal

is to examine if changing the proportion of total input mechanical power from the actuator

that is transmitted to the tissues changes the perceivability of a stimulus. We achieve this

goal by quantifying the absolute detection threshold with materials of different mechanical

impedance attached at the human device interface (HDI) (Fig. 6.1). We hypothesize that

as we decrease the mechanical impedance of the system (tissue + HDI), we will see an in-

crease in detection threshold across the HDI and Tissue system. If this hypothesis is true,

then for the first time we will have demonstrated a way in which perceptual sensitivity to

a vibrotactile signal may be modulated by the design of the HDI.

6.3 Methods

6.3.1 Apparatus

We use the Wrist Impedance Measurement Platform for this experiment (Fig. 1). The de-

sign and characterization of the device have been described in chapter 4.

We modify the device by customizing the hardness of the contact surface by adding cylin-
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Figure 6.1: We change the transmitted power to the tissue by introducing a material of
reduced stiffness in series between the actuator and the tissue

drical plugs (15mm diameter, 2 cm height) made from materials with hardness spanning

shore scales in series between the actuator and the tissue locations on the wrist. In the

first condition with no material, the Delrin contactor (shore hardness, D-83) makes direct

contact with the tissues over the wrist locations. In the second condition, a material plug

of intermediate hardness (shore hardness, A-30) is attached to the end of the Delrin con-

tactor, and in the last condition, a material plug with soft hardness (shore hardness, OO-

30) is attached to the contactor (Fig.2).

6.3.2 Analytical model of transmission of mechanical power across the human device in-

terface

The material plugs are connected to the tissue in series, which means that under equi-

librium, when the coupling pressure is applied to the contactor and the wrist tissue, the

force at the loadcell-contactor, contactor-material, and the material-tissue interfaces are all

equal. However, the total displacement applied by the actuator is distributed between the

material and the tissue. Series impedances sum as shown in equation 1.

zHDI =
zmaterial ∗ ztissue
zmaterial + ztissue

(1)
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6.3.3 Design of experiment

9 participants consented and completed an experiment approved by the Washington Inter-

nal Review Board, aimed at characterizing the change in detection threshold as a function

of change in the mechanical impedance of materials at the human device interface. We

characterized the absolute detection threshold, or the lowest signal that can be reliably

perceived by an individual. We used a 3 alternate forced choice (AFC) design with a maxi-

mum likelihood based estimation of the detection threshold using a staircase method called

QUEST (cite Pelli 1994). In addition to the constraint of 30 trials, we added an additional

constraint of 6 reversals required for convergence to occur.

The factors, location and material had 2 and 3 levels, respectively. Frequency was fixed

at 57 Hz. This value was shown to be predominantly spring like in its behavior in Chap-

ter 4, thus making it a good candidate for this experiment. The preload was fixed at 3N.

Location had the levels, tendon and radius. Tendon refers to the soft tissue rich location

on the wrist proximal to the carpal tunnel, and radius refers to the bone rich location

along the radial bone, just proximal to the radial styloid process. Material has 3 levels,

NoMat, A30 and OO30. NoMat refers to the direct contact between the Delrin contactor

and tissues, which is also the hardest material condition with shore hardness, D-83. A30,

is a rubber polymer with intermediate shore hardness, A30, and OO-30 refers to Ecoflex

material which is soft with a shore hardness of OO-30. In the results, the NoMat condi-

tion is referred to as Hard, the A-30 material condition is referred to as Intermediate, and

the OO-30 material condition is referred to as Soft. Since every participant experienced

all conditions, this is a within subjects design. The experiment consists of 2 blocks corre-

sponding to the locations, which were sequenced alternately for each subject. Within each

block, the three material conditions were interchanged according to an incomplete lattice.
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6.3.4 Measurement of mechanical impedance and detection threshold

The participants were introduced to the experiment, the apparatus and the safety protocol

for the experiment. After obtaining consent, measurements of the location of the indenta-

tion points on the wrist were made. To account for the variability in the size and shape of

wrists across participants, we mapped the locations of the four indentation locations to a

linear graduated scale. Participants were seated at a table and a metric paper tape mea-

sure (width, 22 mm), punched with holes of 4 mm diameter placed 10 mm apart, (Fig. 5.2.

a.) was attached to the wrist on the right arm such that the center of the holes were 11

mm proximal to the prominence of the ulnar styloid process on the wrist. The first loca-

tion, indexed at 0, was aligned to lie on the volar aspect of the wrist along the long axis of

the forearm, between the elbow and the third digit of the outstretched hand over the flexor

tendons. The holes in the paper tape closest to three other anatomical landmarks, namely

the radial styloid process, the dorsum and the ulnar styloid process, were used to mark the

wrist for indentation (Fig. 5.2. b.).

Following the calibration procedure, participants were seated on a height adjustable lab

stool with their right forearm placed in the arm rest (Fig. 4.1). The participant’s arm was

rotated to ensure flat contact of the target position on the wrist with the indenter (Fig.

5.2. b.). The participants were then given detailed instructions about the experiment, and

were asked to drive the indentation stage to experience the loading levels to be expected

during the trial. Participants also familiarized themselves with the use of the emergency

stop button and the pause functionality. The mechanical stop was adjusted to prevent the

movement of the translation stage towards the arm once the highest target force had been

achieved.

The stimulus applied to the wrist is a displacement corresponding to a windowed pure

tone sine wave at a frequency and peak to peak amplitude, with a rising segment of 0.1

second duration, a steady section of 1 second duration, and a fall of 0.1 second duration.

The stimulus is generated at the piezo stack actuator in response to a reference control
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waveform generated by a NI 9125 data acquisition system with an onboard function gener-

ator.

During the experiment, subjects wore noise cancelling headphones that played pink noise

to remove the effect of ambient noise. Further, subjects were instructed to focus on the

screen placed in front of them where a visual feedback was provided to indicate the force

fluctuation at the contact point. This was done to allow the subject to self regulate the

microscopic movements of their arm while being seated for the duration of the experiment.

This visual indicator was removed during the actual trial so as to not bias the subject’s

tactile estimation of the presence of the stimulus with a visual indicator.

For each location, there were three material conditions at the HDI to be tested. For each

material condition, participants experienced a quest, which were a series of trials with de-

creasing or increasing intensity levels of the stimulus, intended to estimate the detection

threshold. The quest was considered converged at 30 trials, unless the total number of re-

versals, the occurrence of either an incorrect trial following a correct trial, or vice versa,

was less than 6. If the number of reversals was less than 6, the quest continued until this

criteria was met.

In each trial there were 3 phases - the first phase of each trial, the stage on which the arm

rests, moved towards the static actuator at 5 mm per second. Once the actuator made

contact with the wrist, the actuator proceeded to indent the site at 2mm per sec., until

the prescribed coupling pressure of 17 kPa, or 3N of force has been reached. At this point

the indentation stage stopped moving and the visual force feedback indicator disappeared

from the screen. In the second phase of the trial, 3 windows were provided to the subject,

delineated by auditory beeps played over the headphones. One of the windows contained

the stimulus applied to the wrist. The subject’s task was to identify which of the three au-

ditory windows also contained the stimulus. The location of the stimulus was randomized

in each trial. When the subject correctly identified the stimulus window, the subsequent

trial would have an identical stimulus at a lower peak to peak displacement amplitude. If
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the subject failed to identify the correct window, the subsequent trial would have a stimu-

lus with a higher amplitude of displacement. The displacement amplitude of the stimulus

for each trial was estimated using the QUEST methodology. In the third and last phase of

each trial, the indentation stage would drive the arm back at 2 mm per sec. until loss of

contact between the robot and the arm. This marked the end of the trial.

The QUEST toolbox estimates the detection threshold by fitting a psychometric function

to the array of the correct or incorrect responses for each trial and the amplitude of the

stimulus. This detection threshold in voltage units is then multiplied by a gain value for

the specific frequency to estimate the detection threshold in displacement units.

Mechanical impedance is the gain between the output force and input displacement at a

given frequency. In this experiment, the mechanical impedance we measure is that for the

combined material and tissue, or the system mechanical impedance. We obtain the system

mechanical impedance by subtracting the mechanical impedance at the driving point due

to the weight of the contactor attached to the load cell from the total system mechanical

impedance measured from the experimental data. We measure the mechanical impedance

for each trial from the dataset generated while estimating the detection threshold.

6.3.5 Measurement of subjective comfort and ease of perception of stimulus under differ-

ent material conditions

At the end of each location block, participants were asked to rank the contactor material

conditions according to relative comfort and relative ease of perceiving the stimulus with

one being the least comfortable and easiest to perceive and 3 being the least comfortable

and hardest to perceive.
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6.4 Results

6.4.1 Estimation of the absolute detection threshold for vibrotactile stimuli in power units

The absolute detection threshold in power units was plotted against the normative data

for the 3N or 17 kPa condition from the data set characterized in Chapter 5. We find that

the Hard condition which corresponds to no material being attached to the contactor, lies

within the range for the normative data. As we add materials of increasing softness, the

system’s power detection threshold for both radius and tendon increases (Fig 6.1). The

increase in the system power detection threshold is greater over the bone than over the

tendon however. Over the tendon, the softest material does not cause an increase in the

power detection threshold.

Figure 6.2: Changing the HDI material affects the power detection threshold for both the
bony and tendinous regions
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When we plot the detection threshold vs the material condition, the data demonstrates a

general trend towards increasing detection threshold with decreasing hardness of the HDI

material.

Figure 6.3: The power detection threshold increases as the softness of the material in-
creases

6.4.2 Measurement of mechanical impedance of the tissue and HDI material system

The mechanical impedance was plotted against the normative data for the 3N or 17 kPa

coupling pressure condition from the data set characterized in Chapter 4. We find that

the Hard condition which corresponds to no material being attached to the contactor, lies

within the range for the normative data. As we add materials of increasing softness, the

total mechanical impedance for both radius and tendon reduces (Fig 6.1). The reduction
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of the system impedance is greater over the bone than over the tendon.

Figure 6.4: Effect of changing the system mechanical impedance is observed for both the
bony and tendinous regions.

6.4.3 The change in system impedance is correlated with change in the system detection

threshold

When we plot the absolute detection threshold versus the mechanical impedance, we find

an inverse correlation between the two metrics for both locations.

6.4.4 Subjective comfort and ease of perception of stimulus under different material con-

ditions

Participants ranked the materials on the basis of relative comfort and on the ease of per-

ceiving stimulus. On average, participants found the softer materials to be more comfort-

able. However, the softer the material, the harder it was for participants to perceive the
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Figure 6.5: Measured stiffness of the hand dorsum for five equally spaced points along the
second metacarpal at three levels of grasp force applied by the subject.

signal. This behavior correlated positively with the trends observed for the system me-

chanical impedance and the detection threshold, respectively.

Figure 6.6: Results from relative ranking of contactor material conditions on the basis of
comfort and ease of perceivability of stimulus
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6.5 Discussion

6.5.1 Estimation of the absolute detection threshold for vibrotactile stimuli and mechani-

cal impedance

The absolute detection threshold or the power required for the stimulus to be perceivable

increases with increasing softness of the material. This increase is monotonic over the bone

and the largest change with respect to the baseline (Hard condition) is observed for the

softest material over the radius. This trend is not observed for the tendon, however. Here

the softest material requires more power than the baseline condition, but not as much as

the intermediate condition. The reason for this behavior is likely due to the series coupling

of the tissue and the material. In series coupling of mechanical impedances, the softest

material dominates the overall mechanical response of the system. Also, this observation

tells us that the boundary condition matters - bony locations behave differently than soft

tissue rich tendinous locations, where the overall effect of attaching materials on the detec-

tion threshold and mechanical impedance was low.

6.5.2 The change in system impedance is correlated with change in the system detection

threshold

Estimation of detection thresholds is prone to uncertainty. However, there is a trend for

increasing power requirement for the stimulus to be perceivable as the material impedance

decreases.

6.5.3 Subjective comfort and ease of perception of stimulus under different material con-

ditions

Interestingly, increase in comfort correlates positively with difficulty in perceiving the stim-

ulus. This implies that the perceptual performance and comfort under coupling are in-

versely related. This inverse relationship is also reflected in the relationship between me-

chanical impedance and the detection threshold of the system, suggesting that comfort and
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performance of the coupled vibrotactile device can be modulated by changing the mechani-

cal impedance of the system.

6.6 Conclusions

In this study, we examined the role of power transmission to the tissue in changing the

vibrotactile sensitivity to a vibrotactile system. We do this by subjectively querying the

relative ease of perception of the stimulus as we change materials between the actuator

and the tissue, as well as quantitatively measuring the detection threshold and mechanical

impedance of the system.

We find that as the mechanical impedance of the system reduces, the detection thresh-

old increases for both bony and tendinous locations, implying that the ease of perceiving

the stimulus decreases. We also find that as the mechanical impedance of the system de-

creases, the subjective report of comfort increases. Therefore, by changing the mechanical

impedance of the material between the actuator and the tissue, we can change both the

perception of the stimulus as well as comfort.
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Chapter 7

CONCLUSIONS

This dissertation demonstrates that the development of the next generation of human de-

vice interfaces is possible only through gaining a clear understanding of properties of the

human body.

In the first experiment, we quantify the torque required to extend the index finger about

the MCP joint. We discover that a difference in the torque required, previously attributed

to sex, is actually due to a difference between hand sizes. This finding allowed us to gener-

ate a single normative torque band which can be used by wearable designers as a quantita-

tive reference for designing hand exoskeletons, and by clinicians to quantify hand function

impairments.

In the second experiment, we report the first ever measurement of stiffness distribution

of the hand dorsum. By using a novel technique of generating stiffness gradients across

locations, we improve comfort and performance at the HDI when an exoskeleton is coupled

to the hand dorsum.

In the third experiment, we report the first ever measurement of the stiffness and mechan-

ical impedance at the wrist. In a first, we quantify the stiffness and mechanical impedance

increase with increasing coupling pressure. However, this increase is more over the bone

than over soft tissue rich areas, helping us understand why attaching wearables more tightly

to the wrist causes discomfort.

In the fourth experiment, we report the first ever quantification of mechanical impedance

and vibrotactile sensitivity over bony and soft locations about the human wrist. We quan-
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tify, for the first time ever, how increasing coupling pressure over the wrist changes both

the stiffness of the tissue as well as our sensitivity to vibration. We discover in a novel

finding, that if we describe the vibrotactile sensitivity threshold in units of mechanical

power, then the design of the HDI can be simplified, and parameters such as coupling pres-

sure between the wearable device and the body do not need to be accounted for.

In the fifth and final experiment, we demonstrate a novel approach to tuning comfort and

our sensitivity to vibrations applied over the wrist. We change the mechanical impedance

of the HDI and demonstrate quantitatively how our ability to perceive an applied vibra-

tion reduces as the HDI material gets softer. We also find that the softness of the HDI ma-

terial correlates directly with the user’s perceived comfort.

The coupling between a wearable device and the human body is often characterized as

an interaction between the device and the environment. This interaction is considered a

source of loss of performance [1, 34, 18] for an otherwise well designed device. This inter-

action is also a known source of reduced comfort [1, 35]. The traditional approach to ad-

dressing these issues focus on the device alone. However, complicated mechanical design

makes the device bulky, and advanced feedback control increases power consumption and

makes the system bulky. Another approach to designing high performance and comfortable

wearable devices is to account for the properties of the human body early in the design

process. While this idea makes intuitive sense, little is understood about what properties

of the human can be leveraged to simplify design, or how they can be used to improve de-

sign. This is the gap in knowledge that we explored in this dissertation. We examined the

utility of characterizing mechanical and perceptual properties of the human in improving

the performance and comfort of wearable devices coupled to the hand and wrist.

We measured the torque about the MCP joint, and demonstrated for the first time that

the torque required to open the fingers is low and scales with finger size and weight. This

finding quantifies MCP torque profiles for umimpaired individuals as a normative band.

This description of passive extension torque can be used to quantify an important, com-
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monplace and yet qualitative aspect of hand examination in the clinic. We can compare

impaired hand function data to the normative torque band to assess hand function after

neurological injuries such as spinal cord injuries, strokes and in cases of cerebral palsy.

This approach is necessary to quantitatively prescribe treatment and exercise, and for de-

signing devices such as hand exoskeletons.

Hand exoskeletons applying extension torques to the fingers are typically attached to the

dorsal aspect of the hand, where they give rise to parasitic reaction pressures responsi-

ble for discomfort. Also, the uneven distribution of pressure leads to poor anchoring be-

tween the wearable device and the hand. However we could not find any prior literature

that explored the hand dorsum to address this issue. By characterizing the first ever map

of dorsal stiffness variability across bony and soft tissue regions, we demonstrated how this

map is necessary for designing optimal HDI focused on improving both comfort and per-

formance. We concluded from our exploration of hand exoskeletons that to design wear-

able devices that optimize comfort and performance, measuring the response to applied

force over the tissue structures and measuring the torque required about joints are both

important.

To understand the role of measuring biomechanical and perceptual characteristics on the

design of wearable devices, we embarked on a journey of studying vibrotactile haptic wrist

worn devices. Vibrotactile devices rely on coupling to the body to transmit cues to the

user. The increasing coupling pressure is known to improve perception, but the relation-

ship between pressure and perception of vibrotactile signals is unknown. Also applying

high coupling pressures causes discomfort. However, the comfort as well as the percep-

tion of the cues are non identical at all locations about the wrist, but we don’t under-

stand why. To examine these issues, we characterized the tissue stiffness and vibrotactile

detection thresholds around the wrist. We found that the tissue property of mechanical

impedance correlated with the measured displacement detection threshold. Increasing cou-

pling pressure increased the mechanical impedance and decreased the displacement de-
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tection threshold. Further we discovered for the first time, that by quantifying detection

thresholds in power units we can simplify the relationship, since we find that power re-

quired for a stimulus or cue to be detectable by the user is independent of the coupling

pressure. This greatly simplifies the design criteria for vibrotactile haptic devices, which

until now could not target perceptual thresholds and were always designed to be louder

and therefore, consume more power.

This dissertation demonstrates the intuitively appreciated benefits of measuring the hu-

man, explicitly. It broadens the goals for wearable device design from improving device

performance alone to also include considerations of coupled performance and comfort with

the human, early in the design loop. Finally, this work tackles the persistent and challeng-

ing question of how we can utilize the measured data from the human to improve the de-

sign of the human device interface by sharing methods and metrics as design targets for

the wearable engineer.

The Bionic Human, 2050: The design of intelligent Human Device Interfaces

The human device interfaces of the future will come in many different shapes and sizes -

From shoes and helmets that can metamorphose their materials to provide performance

and comfort, to clothes which change fits based on body type and augment our mobility

and strength. In the future, our garments will intelligently sense the appropriate loading

paths through the body that would maximize our task performance, enabling us to carry

more loads. The same clothes will change subtly to convey our moods depending on fea-

tures such as the co-contraction of antagonistic muscles. These garments will also serve as

communication portals, where people at a distance will be able to interact more personally,

and subtle cues will appear more naturalistic. Prostheses will become true extensions of

the body, where the human device interface will convey the afferent stimuli perceived at

the distal limb back to the brain. These dreams of amalgamating the human with wear-

able devices will soon become reality as we extend our design thinking to incorporate the

human more closely early on in the process of building the human device interface.
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