wo 20237224536 A1 |0 00000 AP0 00 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual Propert J
(o wer Orgmiation 2 0 O 0 0 0 00 O 0 A0

International Bureau % (10) International Publication Number

WO 2023/224536 Al

(43) International Publication Date
23 November 2023 (23.11.2023) WIPO | PCT

(51) International Patent Classification: (72) Inventor: EWALDSSON, Martin; Myntvigen 14, 193 40
B25J 9/00 (2006.01) A61F 2/54 (2006.01) SIGTUNA (SE).
A61B 5/00 (2006.01) A61H 1/02 (2006.01)

(74) Agent: ROUSE AB; Docketing, Box 42, 683 21 HAG-
A41D 19/015 (2006.01) FORS (SE).
(21) International Application Number:PCT /SE2023/050477 (81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(22) International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
15 May 2023 (15.05.2023) CA, CH, CL,CN, CO, CR, CU, CV, CZ,DE, DJ, DK, DM,

DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN,HR,HU, ID, IL, IN, IQ, IR, IS, IT, JM, JO, JP, KE, K G,
(26) Publication Language: English KH, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,

(25) Filing Language: English

(30) Priority Data:

2250586-1 16 May 2022 (16.05.2022) SE RS.RU. RW. SA., SC. SD. SE, SG. SK. SL, ST, SV, SY, TH.
(71) Applicant: BIOSERVO TECHNOLOGIES AB [SE/SE]; TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
Torshamnsgatan 35, 164 40 KISTA (SE). ZA,7ZM, ZW.

(54) Title: A STRENGTHENING GLOVE, A CONTROL SYSTEM, AND METHODS FOR OPERATING AN ACTUATING
MEANS

101

Figure 1

(57) Abstract: The technology disclosed relates to a strengthening glove (100) with at least one glove finger (101-105) and comprising
a control system (200) arranged to strengthen a gripping movement performed by a human hand wearing the glove. Sensor means (210)
is arranged to detect a respective force in at least one measurement location. The control system (200) comprises at least one actuator
(240) arranged to impart a force to a respective at least one of the glove fingers (101-105) and read respective sensor measurement
values from the sensor means (210). The system controls the machine output force applied by the at least one actuating means (240)
using a force strengthening feedback loop based upon sensor measurement values read from the sensor means (210). The strengthening
glove (100) and control system (200) of the technology disclosed Is further configured to estimate an actuator contact point for an
actuator of an actuating means (240) and adaptively determine and control the start position of the actuator (240) for the next or a

[Continued on next page]



WO 2023/224536 A | [I1 1000000 00RO 0 00O

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,
GH, GM, KE, LR,LS, MW, MZ,NA,RW, SC, SD, SL, ST,
SZ, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

— as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(ii))

— of'inventorship (Rule 4.17(iv))

Published:
—  with international search report (Art. 21(3))

subsequent gripping movement based on the estimated actuator contact point.



10

15

20

25

WO 2023/224536 PCT/SE2023/050477

TITLE

A strengthening glove, a control system, and methods for operating an actuating means

TECHNICAL FIELD

The technology disclosed relates to a strengthening glove, or force-assisting glove, in other words a
glove arranged to be worn by a human hand and used for strengthening a movement executed by one
or more fingers of the hand. In particular, the technology disclosed also relates to a control system for
use in a strengthening glove, and methods for operating and controlling the movements and positioning
of an actuator of a strengthening glove.

BACKGROUND

The technology disclosed relates to a strengthening glove, or force-assisting glove, arranged to be worn
by a human hand and used for strengthening a gripping movement executed by one or more fingers of
the hand. The technology also relates to a control system for controlling a strengthening glove, and
methods for operating and controlling such a strengthening glove.

Such strengthening gloves are known, using different operating principles, such as arranging individual
driving units on each finger to be strengthened or by using wires or cables, such as artificial tendons, to
apply pushing and/or pulling forces onto particular points on each finger to be strengthened. For

instance, electric or pneumatic driving mechanisms may be employed.

One example of such a glove is described in US 8,029,414 B2, using artificial tendons fastened to
strengthened fingers and driven by a central control system, in turn applying pulling forces to the
tendons.

US 2013226350 A1 discloses a strengthening glove with specific gripping features, initiated using a
separate control device.

EP 2417941 A discloses a movement assisting glove with a biosignal detection part configured to detect

a biosignal that causes a finger of a wearer to move.

The above-mentioned prior art force-assisting gloves are operated to offer general strengthening of the
movements of the human hand wearing the glove. When the human hand grips an object, the gripping

force imparted by the human user is amplified to strengthen the grip to provide a combined grasping
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force of the fingers/hand of the user and machine output force applied by the control system via its
actuators.

However, a problem when using such a force-assisting glove is that different tasks and actions require a
suitable aid without incurring unnecessary or unwanted response delays. In particular, the above-
mentioned prior art gloves do not respond quickly and accurately in situations where substantially the
same or similar movements, e.g. gripping movements, are repeatedly performed in sequence. For
instance, it may be difficult to provide, in situations when substantially the same or similar gripping
movement are performed repeatedly, a fast machine output force response applied by the control
system via its actuators yet providing an appropriate combined force imparted by the fingers/hand of the

user and machine output force applied by the control system of the glove.

PROBLEMS WITH THE PRIOR ART

The tasks and actions performed by a strengthening glove, or force-assisting glove, are often repeated
or similar and therefore require a suitable aid and a machine output force that is applied more quickly in
response to the imparted force of the hand and fingers of the user yet provides an appropriate

combined force imparted by the fingers/hand of the user and applied machine output force.

The problems with prior art force-assisting gloves, or strengthening gloves, include that these gloves are
not adapted to that the properties of these gloves and their sensors typically vary between individual
gloves. For instance, it may be difficult to provide a quickly applied machine output force and accurately
combined applied machine output force and force imparted by the user for repetitive and similar tasks
performed by the same strengthening glove because the properties of the individual gloves and its

sensors units are mutually different.

As an example, it may be difficult to provide a fast applied machine output force and suitable combined
grasping force of the user and an applied machine output force for repetitive and similar tasks when the
control of the movements and positioning of the respective actuator are solely based on a set of fixed
parameters and/or fixed control programs that also determine the start position for the respective

actuators or actuating means.

In particular, the prior art force-assisting gloves typically do not adjust to, or take into account, situations
when gripping tasks are substantially similar and are repeatedly performed.
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In conclusion, there is a need to provide a faster and more appropriate machine output force response
to a manually imparted force in situations when gripping tasks that are substantially similar and are

repeatedly performed in sequence.

SUMMARY

The technology disclosed relates to a strengthening glove, or force-assisting glove, in other words a
glove arranged to be worn by a human hand and used for strengthening a movement, e.g. a gripping

movement, executed by one or more fingers of the hand.

In particular, the technology also relates to the adaptive control of a strengthening glove, and a control
system and methods for operating such a strengthening glove by determining and adaptively adjusting
the actuator start position for at least one actuator of an actuating means arranged ¢ impart a machine
output force fo at least one glove finger of the sirengthening glove, and by controlling the movement of
the actuator so that the start position for the at least actuator corresponds to the adjusted actuator start

position.

The objectives of the technology disclosed include a suitable aid and a machine output force that is
applied more quickly in response to the imparted force of the hand and fingers of the user yet provides
an appropriate combined force imparted by the fingers/hand of the user and applied machine output
force in situations when gripping tasks performed are substantially similar and are repeated in

sequence.

The control system of the technology disclosed is configured to adaptively control the movements and
positioning of the at least one actuator of a strengthening glove by determining or estimating the
actuator contact point for a gripping movement and controliing the movements and/or positioning of the
at least one actuator for the next or a subsequent gripping movement is at least partly based on the
determined/estimated actuator contact point where the actuator contact pointis defined by the actuator
position where the artificial tendon connected fo the actuator is just tight enough o transfer force.

According to aspects of the technology disclosed, the control system is configured to estimate the
actuator contact point for and during a gripping movement, and then adaptively adjust, forthe nextor a
subsequent gripping movermnent, the start position for the aciuator of the actuating means at least partly
based on the sstimated actuator contact point for the gripping movement. The acluator contact point
may then be defined by the actuator position where the artificial tendon connected fo the actuator is just
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tight enough {0 transfer force. The control system may then control, for the next or a subsequent
gripping movement and following the release of a grasp, the movement of the actuator so that the
actuator is moved 1o a start position which is selected at least partly based on the estimated actuator
confact, e.g. the selected start position may correspond, or substantially correspond, to the estimated
actuator contact point for the gripping movement.

In embodiments, the control system is configured to estimate the respective actuator contact pointfor a
plurality of gripping movements, and, based on the plurality of estimated actuator contact points,
determine, for the next or a subsequent gripping movement, the start position for the actuator of the
actuating means at least partly based on the plurality of estimated actuator contact points.

In aspects and embodiments, the technology disclosed relates to a system for strengthening a gripping
movement performed with one or more fingers of a human hand enclosed in a glove with atleastone
giove finger and comprising at least one artificial tendon extending along the inside of the glove and
being connected to an acluating means, at least ong sensor means situated on the inside of at least ong
of the at least one glove fingers and arranged to detect a force between a finger enclosed in the glove
finger and a contact surface applied to the finger. The system further comprises a control system
arranged fo cause the at least one actualor to exert a pulling force on the artificial tendon of at least one
glove finger on the basis of a force detected by the at least one sensor means arranged to defect a
respective force between a respective human finger wearing the respective glove finger and a
respective contact surface onte which said gripping movement is applied, whereby a gripping movement
performed by a human hand wearing the glove is strengthened. The conirol system is further arranged
to read a respective sensor measurement vaiue from the at least one sensor means, and o confrol the
respective machine output force applied by the at least ong actuating means using a force
strengthening feedback loop based upon sensor measurement values obtained from at least one of the
at least one sensor means. According 1o the technology disclosed, the control system is further
configured to estimate the actuator contact point for at least one of the at least one actuators or
actuating means, where the actuator contact point is defined by the actuator position where the artificial
tendon connected 10 the respective actuating means is just tight enough fo transfer force. The
estimation of the actuator contact point by the control system may then be performed during the

Ongoing gripping movement.

in aspects, the technology disclosed relates to a glove/system for sirengthening a gripping movement
nerformed with ong or more fingers of a human hand enclosed in a glove with at least one glove finger

and comprising at least one artificial tendon extending along the inside of the glove and being
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connected 10 an actuating means, at least one sensor means situated on the inside of at least one of
the at least one glove fingers and arranged o detect a force between a finger enclosed in the glove
finger and a contact surface applied 10 the finger. The glove/system further comprises a control system
arranged o cause the at least one actuator 1o exert a pulling force on the artificial tendon of at least one
glove finger on the basis of a force detected by the at least one sensor means arranged to detect a
respective force between a respective human finger wearing the respective glove finger and a
respective contact surface onto which said gripping movement is applied, whereby a gripping movement
performead by a human hand wearing the glove is strengthened. The control system is arranged fo read
a respective sensor measurement value from the at least one sensor means, and {o control the
respective machine output force applied by the at least one actuator, or actuating means, using a force
strengthening feedback loop based upon sensor measurement values obtained from at least one of the
at least one sensor means. The actuator, or actuating means, comprises a motor and the control
system is configured 1o estimate, for a gripping movement, the contact point for at least one actuator of
the glove/systerm at least partly based on at least one of the motor voltage applied © the respective at
least one actuator and the rotation/rotational speed for the respective at least one actuator. The
respective actuator comprises a motor and typically operates using a combination of amolor and a

mechanical drive mechanism.

fn embodiments, the rotation/rotational speed may then, for example, be determined by at lsast one
encoder mounied/arranged on the motor and the data from the encoder{s) may be received/obtained by
the control system that is configured to estimate/determine the actuator contact point for the respective
at least one acluator at least parily based on the rotation speed for the actuator.

in embodiments, the confrol system of the glove/system is configured to estimate/detemine the
actuator contact point for the respective at least one actuator by use of the motor voltage applied o the
respective actuator during at least porions of the gripping movement and the rotation speed determined
for the actuator during at least portions of the gripping movement.

in embodiments, the technology disclosed relates {0 a glove/system for strengthening a gripping
movement performed with one or more fingers of a human hand enclosed in a glove with at leastone
glove finger and comprising at least one artificial tendon extending slong the inside of the glove and
being connected 10 an actuating means, at least one sensor means sifuated on the inside of at least one
of the at least one glove fingers and arranged o detect a force between a finger enclosed in the glove
finger and a contact surface applied 10 the finger, said system further comprising a confrol system

arranged fo cause the at least one actuator {1 exert a pulling force on the artificial tendon of af least one
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glove finger on the basis of a force detected by the at least one sensor means arranged to detect a
respective force between a respective human finger wearing the respective glove finger and a
respective contact surface onto which said gripping movement is applied, whereby a gripping movement
performead by a human hand wearing the glove is strengthened, which confrol system is arranged ©©
read a respective sensor measurement value from the at least one sensor means, and 1o control the
respective machine output force applied by the at least one acluating means using a force
strengthening feedback loop based upon sensor measurement values obtained from at least one of the
at least one sensor means, wherein the control system is configured o estimate the actuator contact
point for at least one actuator of the at least one actuating means based at least parly on atleast one of
an algorithm and an approximation model for estimating the tension in the respective at least one
artificial tendon fo determine the actuator contact point where the respective artificial tendon connected
to the actuator begins to transfer force, and wherein said control system is further configured fo first
determine and adiust, for the next or a subsequent gripping movement, the actuator start position for the
at least one actuator of the at least one actuating means at least partly based on the estimated actuator
gontact point and then control, for the next or a subseguent gripping movement, the movement of the at
least one actuator of the at least one actuating means so that the at least one actuator is backed outio
a start position for the next or subseguent gripping movement that is determinad at least partly based on
the estimated actuator contact point for the at least one previous gripping movement,

in embodiments, the technology disclosed relates {0 a glove/system for strengthening a gripping
movement performed with one or more fingers of a human hand enclosed in a glove with at leastone
glove finger and comprising at least one artificial tendon exiending along the inside of the glove and
being connected 10 an actuating means, at least one sensor means situated on the inside of at least one
of the at least one glove fingers and arranged fo detect a force between a finger enclosed in the glove
finger and a contact surface applied 10 the finger. The glove/system further comprises a controd system
arranged fo cause the at least one actuator {1 exert a pulling force on the artificial tendon of af least one
glove finger on the basis of a force detected by the at least one sensor means aranged to detect a
respective force between a respective human finger wearing the respective glove finger and a
respective contact surface onto which said gripping movement is applied, whereby a gripping movement
performed by a human hand wearing the glove is strengthened, which control system is arranged to
read a respeciive sensor measurement value from the at ieast one sensor means, and o control the
respective machine cutput force applied by the at least one acluating means using a force
strengthening feedback loop based upon sensor measurement values obtained from at least one of the
at least one sensor means, whersin the control system is configured to estimate the actuator contact
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point for at least one actuator of the at least one actuating means based at least parly on atleast one of
an algorithm and an approximation model by use of at least one of the motor voltage applied 1o the
actuator and the rotation speed for the actuator as input to the algorithm or approximation model for
estimating the actuator contact point where the respective artificial tendon connected 1o the actuator
begins to transfer force, and wherein said control system is further configured 1o first determine and
adjust, for the next or a subsequent gripping movement, the actuator start position for the at least one
actuator of the at least one actuating means af isast partly based on the estimated actuator contact
point and then confrol, for the next or a subsequent gripping movement, the movement of the at least
ong actuator of the at least one actuating means 50 that the at least one actuator is backed out 1o a start
position for the next or subsequent gripping movement that is determined at least partly based on the
estimated actuator contact point for the at least one previous gripping movement,

in embodiments, the technology disclosed relates 10 a glove/system for strengthening a gripping
movement performed with one or more fingers ¢of a human hand enclosed in a glove with af leastone
glove finger and comprising at least one artificial tendon exiending along the inside of the glove and
being connected to an actuating means, at least one sensor means situated on the inside of at least one
of the at lsast one glove fingers and arranged to detect a force between a finger enclosed in the glove
finger and a contact surface applied to the finger. The glove/system further comprises a control system
arranged fo cause the at least one actuator 10 exert a pulling force on the artificial tendon of at least one
giove finger on the basis of a force detected by the at least one sensor means arranged fo detect a
respective force betlween a respective human finger wearing the respective glove finger and a
respective contact surface onto which said gripping movement is applied, whereby a gripping movement
performed by a human hand wearing the glove is strengthened, which control system is arranged ©
read a respective sensor measurement value from the at least one sensor means, and to control the
respective maching output force applied by the at least ong actuating means using aforce
strengthening feedback loop based upon sensor measurement values obtained from at least one of the
at least ong sensor means, wherein the control system is configurad to estimate the actuator contact
point for at least one actuator of the at least one actuating means based at least parly on atleast one of
an algorithm and an approximation model by use of the motor voltage applied fo the actuator during at
least portions of the gripping movement and the rolation speed for the actuator during at ieast portions
of the gripping movement as input data to the at least one of an algorithm and an approximation model
for estimating the actuator contact point where the respective artificial tendon connected fo the actuator
beging o transfer force. The respective actuator operates using a combination of motor and mechanical
drive mechanism and the control system is further configured to adjust, for the next or a subsequent
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gripping movement, the actuator start position for the at least one actuator of the at least one aciuating
means af least partly based on the estimated actuator contact point and then control, for the nexor a
subsequent gripping movement, the movement of the at least one actuator at least partly based on the
estimated/determined actuator contact point for the respective at least one actuator.

In embodiments, the control system may be configured to control at least one actuator of the
glove/system so that the at least one actuator is backed out to a start position for the next or
suhsequent gripping movermnent that is determined at least partly based on the estimated actuator
contact point for the at least one previcus gripping movement where the estimated actuator contact
point for the at least one previous gripping movement is determined based on the motor voltage applied
{by the control system) 10 the respactive actuator during at least portions of the at least one previous
gripping moverment (that may be ongoing when the actuator contact point is eslimated/determined) and
the rotation speed for the respective actuator {for example by use of encoders mounted on the motor for
the respective actuator) during at least portions of the at least one previous gripping movement {that
may be ongoing when the actuator contact point is exstimated/determined), for example the motor
voltage applied fo actuator and the rofation/rotational speed for the actuator may be used as input data
to an algorithm or approximation model used by the control system for estimating/determining the
actuator contact point for actuator,

In embodiments, the conrol system is configured to perform the estimation of the actuator contact point
when the respective actualor is moved above the actuator contact point.

In embodiments, the system comprises at least one tension sensor for detecting the tension in at least
one of the al least one adificial tendon. The control system may then be configured to estimate the
actuator contact point at least partly based on tension measurement data obtained by the control

system from the at least one fension sensor,

fn embodiments, the system comprises at lsast one tension sensor for continucusly measuring the
current tension in the af least one artificial fendon. The control system may then be configured o
confinucusly oblain tension measurement data from at least one tension sensor and use the obtained
tension measurement data in an algorithm or function for estimating the actuator contact point for at

least one actuator of an actuating means,
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In embodiments, the control system is configured {0 estimate the actuator contact point based on an
algorithm or approximation model for estimating the tension in the respective at least one artificial
tendon.

in embodiments, the confrol system is configured to estimate the tension in the respective alleast one
artificial tendon based on an approximation model using the assumption that the tension rises from the
actuator contact point o a current actuator position when the estimation of the actuator contact pointis
performed.

in embodiments, the control system is configurad to estimate the tension in the respective atlsast one
artificial tendon based on a linear approximation model using the assumption that the tension rises
lingarly from the actuator contact point to a current actuator position when the estimation of the actuator
contact point is performed.

in embodiments, the control system is configured {o estimate the respective actuator confact point for
individual gripping movements at a certain respective pre-determined actuator position for the at least
one actuator of the actuating means when the tension in the respective arificial tendon is sufficiently
high for accurately estimating the actuator contact point.

in embodiments, the control system is configurad to perform the estimation of the actualor contact point
for the at least one actuator of the actuating means solely based on a tension esifimation model and
without obtaining any tension measurement data measuring the tension in the at least one artificial

tendon.

In embodiments, the control system is configured to determineg and adjust, for the next or a subsequent
gripping movement, the actuator start position for at least one actuator of the actuating means based on
the estimated actuator contact point.

In embodiments, the control system is configured to determing the start position for the nextor a
subsequent gripping movement by adiusting an estimated actuator contact point a certain distance, 8.g.
a calculated or pre-determined distance that determines the start position to be within a position range 1
~ 10 mm below the estimated actuator contact point.
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in embodiments, the control system is configured {0 determine and adjust, for the next or subsegquent
gripping movement, the actuator start position for at least one actuator of the actuating means atleast

partly based on estimated actuator contact points for a plurality of previous gripping movements,

In embodiments, the control system is configured {0 determine the start position for the nextor a
suhsequent gripping movemnent by adjusting an estimated actuator contact point which is based on
aggregated estimated actuator contact points for a plurdlity of gripping movement including the ongoing
gripping movement a certain distance, e.g. a calculated or pre-determined distance that determines the
start position to be within a position range 1 - 10 mm below the estimated aciuator contact point. The
gontrol system may then use weighting factors that determines the importance of the respective
nreviously estimated actuator contact points for determining the start position for the for the next or a

subsequent gripping movement.

in embodiments, the control system is configurad to determing and adjust, for the next or subsegquent
gripping moverment, the actuator start position for at least one of the at least one actuating means solely
based on an estimated actuator contact point for the current gripping movement using a tension
estimation model and without first obtaining measurement data from any tension sensor for measuring

the fension in the at least one artificial tendon.

in embodiments and following the release of a grasp after a gripping movement, the control system is
coenfigured to control the at least one actuator of the actuating means 50 that the respective at least one
actuator of the at least one actuating means is moved, or backed out, 1 a respective actuator start
position substantially corresponding fo the determined start position which is at least partly based on the

gstimated actuator contact point.

fn embodiments and following the release of a grasp after a gripping movement, the control system is
configured to control the at least one actuator of the actuating means 5o that the respective at least one
actuator of the at least one actuating means is moved, or backed out, ©© a respective actuator start

position substantially corresponding fo the estimated actuator contact point

in embodiments and following the release of a grasp after a gripping movement, the system s
configured to control the at least one actuating means so that the respective at least one actualtor is
hacked out to a respective actuator start position substantially corresponding 1o the estimated actuator

gontact point for the immediately preceding gripping movement.

10
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in embodiments and following the release of a grasp after a gripping movement, the control system is
coenfigured to control at least one actuating means s0 that a respeciive at least one actuator of the at
least one actuating means is backed out to an actualor start position slightly below the estimated
actuator contact point.

In embodiments and following the release of a grasp after a gripping movement, the control systemis
configured to control the at least one actuating means so that a respective af least one actuator of the at
least one aclualing means is backed out to an actuator start position which is more than 1 mm below

the estimated actuator contact point.

fn embodiments and after the respective at least one actuator having moved o or backed out to an
actuator start position determined based on the estimated/determined actuator contact point, the control
system is further configured 1o control at least one actuator of the at least one actuating means {0 move
in a cyclic waveform from the actuator start position so that the at least one actuator is first moving in
the positive direction and then back o the start position, thereby causing an increase in the motor

torque that can be used for determining an infention by the user of the glove 1o open the hand further,

in embodiments and afier the respective at least one actuator having moved 1o or backed outio a
actuator start position determined based on the estimated/determined actuator contact point, the control
system is further configured to control af least one actuator of the at least one actuating means o move
in a sawtooth pattern from the actuator start position so that the at least one actuator is moving slowly in
the positive direction and then quickly back to the start position, thereby causing an increase in the
motor torgue that can be used for determining an intention by the user of the glove 1o open the hand
further.

in embodiments, the system comprises at least two actuators and the control system is configured o
conirol the at least one actuating means so that the slarting time of the respective ¢yclic waveform, 8.9.
sawtooth cycle, is offset belween the at least two actuators o thereby increase the amount of ime when
at least one of the actuator is moving in the positive direction, thereby an intention by the user of the

giove to open the hand further can on average be sensed more quickly.

fn embodiments, the system comprises at lsast two actuators and the control system is configured 1o

conirol the at least one actuating means so that the slarting time for the respective cyclic waveform or
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sawtooth cycle is offset between the at least two actuators so that at least one of the actuators is always
moving in the positive direction, thereby an intention by the user of the glove to open the hand further
can be sensed at any time.

In aspects, the control system of the technology disclosed is arranged to read respective measurement
vaities from the at least one sensor and o control the respective force applied by the at lsast ong
actuating means using a force strengthening feedback loop based upon the measurement values, and
the method comprises estimating, by the control system, the actuator contact point for at least one
actuator of the at least one actuating means, where the actuator contact point is defined by the position
of the respective actuator where the artificial fendon connected 1o the respective actuating means is just
tight enough to transfer force, and controlling, by the control system and following the release of a
grasp, the movement and positioning of the respective at least one actuator so that the start position of
the respective at least one actuator for the next or subsequent gripping movement corresponds fo the
determined start position.

In aspects, the control sysiem of the technology disclosed is arranged to read respective measurement
values from the at least one sensor and 10 control the respective force applied by the at ieast one
actuating means using a force strengthening feedback loop based upon the measurement values, and
the method comprises determining, by the control system and for the next or a subsequent gripping
movement, a start position for the respective at least one actuator based on the estimaied at least one
actuator contact point, and controlling, by the controf system and folliowing the release of a grasp, the
movement and positioning of the respective at least one actuator so that the start position of the
respective at least one actuator for the next or subsequent gripping movement comesponds to the
determined start position.

In aspects, the control system of the technology disclosed is arranged to read respective measurement
vaites from the at least one sensor and {0 control the respective force applied by the at lsast one
actuating means using a force sirengthening feedback loop based upon the measurement values, and
the method comprises estimating, by the control system, the respective actuator contact point for the at
least one actuator of the at least one actuating means, where the actuator contact point is defined by
the position of the respeclive actuator where the arlificial tendon connected 1o the respective actuating
means is just fight enough to transfer force, and determining, for the next or 3 subsequent gripping
movement, a start position for the respective af least one acluator based on the respective actuator
contact point for the at least one actuator,
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in aspects, the control system of the technology disclosed is arranged to read respective measurement
values from the at least one sensor and {o control the respective force applied by the at isast one
actuating means using a force strengthening feedback loop based upon the measurement values, and
the method comprises estimating, by the control system, the actuator contact point for at lsast one
actuator of the at least one actuating means, where the actuator contact point is defined by the position
of the respective actuator where the artificial tendon connected o the respective actuating means is just
tight enough to transter force, determining, for the nexi or a subsequent gripping movement, a start
position for the respective at least one actuator based on the estimated at least one actuator contact
point, and controlling, by the control system and following the release of a grasp, the movement and
nositioning of the respective atleast one actuator so that the start position of the respeciive at least ene
actuator for the next or subsequent gripping movement corresponds to the determined start position.

in aspects and embodiments, the technology disclosed relates o a method for operating a
strengthening glove with at least one glove finger, which glove is arranged to strengthen a gripping
movement performed by a human hand wearing the giove. The strengthening glove may then comprise
at least ong sensor arranged to detect, in at least one measurement location on the palm side of the at
least one glove finger, a respective force between a respective human finger wearing the respective
glove finger and a respective contact surface onto which the gripping movement is applied. The glove
further comprises at least one actuating means arranged to impart a force fo a respective one of the
glove fingers. The control system is arranged {o read respective measurement values from the at least
one sensor and fo control the respective force applied by the af least one actuating means using a force
strengthening feedback loop based upon the measurement values, and the method comprises
estimating, by the control system, the respective actuator contact point for at least one actuator of the at
least one actuating means, where the actuator contact point is defined by the position of the respective
actuator where the artificial tendon connected fo the respective actuating means is just tight enough to
transfer force, determining, for the next or a subsequent gripping movement, a start position for the
respective at least one actuator, and controlling, by the control system and following the release of a
grasp, the movement and positioning of the respective at least one actuator so that the start position of
the respective at least one actuator for the next or subsequent gripping movement corresponds fo the
determined start position.

fn aspects and embodiments, the technology disclosed relates 1o a method for operating a

strengthening glove with at least one glove finger, which glove is arranged fo strengihen a gripping
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movement performed by a human hand wearing the gicve. The strengthening glove may then comprise
at least one sensor arranged o detect, in at least one measurement location on the palm side of the at
least one glove finger, a respective force between a respective human finger wearing the respective
glove finger and a respective contact surface onto which the gripping movement is applied. The glove
further comprises at least one actuating means arranged to impart a force o a respective one ¢f the
glove fingers. The control system is arranged fo read respective measurement values from the at least
one sensor and 10 control the respective force applied by the at least one actuating means using a force
strengthening feedback loop based upon the measurement values, and the method comprises the steps
of:

a} reading, by the control system, sensor measurement values from the at least one sensor during a
gripping movement;

b} controlling, by the control system, the maching output force applied via the respective at least one
actuator based on the sensor measurement values read from the at least one sensor,

¢} estimating, by the control system, the respective actuator contact point for at least one aciuator of the
at least one actuating means, where the actuator contact point is defined by the position of the
respective actuator where the arfificial tendon connecied to the respective actuating means is just tight
enough to transter force,

d) determining, for the next or a subsequent gripping movement, a start position for the respective at
least one actuator, and

g} conirolling, by the control system and following the release of a grasp, the movement and positioning
of the respective at least ong actuator so that the start position of the respective at lsast one actuator for
the next or subsequent gripping movement corresponds to the determined start position.

In aspects and embodiments, the technoiogy disclosed relates o a method for operating a
strengthening glove with at least one glove finger, which glove is arranged to strengthen a gripping
movement performed by a human hand wearing the giove. The strengthening glove may then comprise
at least one sensor arranged 1o detect, in at least one measurement location on the palm side of the at
least one glove finger, a respeciive force between a respective human finger wearing the respective
glove finger and a respective contact surface onto which the gripping movement is applied. The glove
further comprises al least one actuator, or actuating means, arranged o impart a force to a respective
one of the glove fingers. The control system is arranged 1o read respective measurement values from
the at least one sensor and to control the respective force applied by the at lsast one actuator/actuating
means using a force strengthening feedback loop based upon the measurement values, and the
method comprises the steps of:
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a) reading, by the control system, sensor measurement values from the at least one sensor during a
gripping movement;

b} controfiing, by the control system, the machine output force applied via the respective at leastone
actuator based on the sensor measurement values read from the at least one sensor,

¢} obtaining, the motor voltage applied to the motor of the respective at least one actuator during at
least portions of the gripping movement and the rotation/rotational speed for the respective at least one
actuator during at least portions of the gripping movement,

d) estimating, by the control system, the respective actuator contact point for at least one actuator of the
at least one actuating means based on the cbiained motor voltage and the rotation speed for the
respective at least one actuator, where the actuator contact point is defined by the position of the
respective actuator where the ariificial tendon connected 10 the respective actualing means begins fo
transfer force,

¢} defermining, for the nexi or a subsequent gripping movement, a start position for the respective at
least one actuator at least partly based on the estimated actuator contact point for the respective at
least one actuator, and

f) controliing, by the control system and following the release of a grasp, the movement and positioning
of the respective at least one actuator so that the start position for the respective at least one actuator
for the next or subsequent gripping movement is at least partly based on the determined start position.

In aspects and embodiments, the technoiogy disclosed relates o a method for operating a
strengthening glove with at least one glove finger, which glove is arranged to strengthen a gripping
movement performed by a human hand wearing the giove. The strengthening glove may then comprise
at least one sensor arranged 1o detect, in at least one measurement location on the palm side of the at
least one glove finger, a respeciive force between a respective human finger wearing the respective
glove finger and a respective contact surface onto which the gripping movement is applied. The glove
further comprises al least one actuator, or actuating means, arranged {0 impart a force to a respective
one of the glove fingers. The control system is arranged 1o read respective measurement values from
the at least one sensor and o conirol the respective force applied by the at least one actuator/actuating
means using a force strengthening feedback loop based upon the measurement values, and the
method comprises the steps of:

aj reading, by the control system, sensor measurement values from the at least one sensor during a
gripping movement;

b} controlling, by the control system, the machine output force applied via the respective at least one

actuator based on the sensor measurement values read from the at isast one sensor,
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¢} obtaining, the motor voltage applied to the motor of the respective at least one actuator during at
least portions of the gripping movement and the rotation/rotational speed for the respective at least one
actuator during at least portions of the gripping movement,

d) estimating, by the control system, the respective actuator contact point for at least one actuator of the
at least one actuating means by use of an approximation model having the obtained motor voitage
applied fo the motor of the respective at least one actuator and the rofation speed for the respective at
least one actuator as input data, where the actuator contact point is defined by the position of the
respective actuator where the artificial tendon connacted o the respective actualing means begins o
transfer force,

g) determining, for the next or a subsequent gripping movement, a start position for the respective at
least one actuator at least partly based on the estimated actuator contact point for the respective at
least one actuator, and

£} controlling, by the control system and following the release of a grasp, the movement and posiiioning
of the respective at least one actuator so that the star position for the respective at least one actuator
for the next or subsequent gripping movement is al least partly based on, or corresponding o, the
determined start position.

In aspects and embodiments, the technology disclosed relates o a method for operating a
strengthening glove with at least one glove finger, which glove is arranged to strengthen a gripping
movement performed by a human hand wearing the giove. The strengthening glove may then comprise
at least one sensor arranged o detedt, in al least one measurement location on the palm side of the at
least one glove finger, a respective force between a respective human finger wearing the respective
glove finger and a respective contact surface onto which the gripping movement is applied. The glove
further comprises at least one actuator, or actuating means, arranged t0 impart a force {0 arespective
ong of the glove fingers. The control system is arranged 1o read respective measurement values from
the at least one sensor and to control the respeciive force applied by the at least one actuator/actuating
means using a force strengthening feadback loop based upon the measurement values, and the
method comprises the steps of:

a) reading, by the control system, sensor measurement values from the at least one sensor during a
gripping moverment;

b} controfiing, by the control system, the machine cutput force applied via the respective at leastong
actuator based on the sensor measurement values read from the at least one sensor,

¢} reading, by at least one encoder arranged on the motor Tor the respective actuator, data indicative of
the rotation speed for the respective actuator,
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d) chtaining, by the control system, the motor voltage applied to the motor of the respective at isast one
actuator during at least portions of the gripping movement and data from the atleast one encoder
indicative of the rotation/rotational speed for the respective at isast one actuator during at least portions
of the gripping movement,

d) estimating, by the conirol system, the respective actuator contact point for at isast one actuator of the
at least one actuating means by use of an approximation model having the oblained motor voitage
applied o the motor of the respective at least one actuator and the rotation speed for the respactive at
least one actuator as input data, where the actuator contact point is defined by the position of the
respective actuator where the artificial tendon connected 0 the respective actuating means begins ©
transfer force,

g) determining, for the next or a subsequent gripping movement, a start position for the respactive at
least one actuator at least parlly based on the estimated actuator contact point for the respective at
least one actuator, and

f) controlling, by the control system and following the release of a grasp, the movement and posifioning
of the respective atlsast one actuator so that the star position for the respective at least one actuator
for the next or subsequent gripping movement is at least partly based on, or corresponding to, the
determined start position,

fn embodiments, the method step of estimating is further comprising estimating the respective actuator
contact point for the at least one actuator based on an approximation model, e.¢. a linear or non-linear
approximation model, using the assumption that the tension rises from the actuator contact pointto a
current actuator position when the estimation of the actuator contact point is performed.

in embodiments, the method further comprising estimating the fension in the respeclive at least one
artificial tendon based on a lingar approximation model using the assumption that the tension rises
finearly from the actuator contact point to a current actuator position when the estimation of the actuator
contact point is performed.

in embodiments, the method further comprises estimating, by the control system, the respective unique
actuator contact point for individual gripping movemenis when the tension in the atleast one ariificial
tendon has risen above a certain threshold when the tension in the at least ong artificial tendon is

sufficiently tight to provide a sufficiently accurate approximation of the actuator contact point.
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in embodiments, the method further comprises estimating the actuator contact point for the at least one
of the at least one actuating means solely based on a tension estimation model and without obtaining

any tension measurement data measuring the tension in the atleast one artificial tendon.

in embodiments, the system comprises at least one tension estimation sensor for measuring the current
tension in the at least one artificial tendon, and the method further comprising obtaining, by the control
system, tension measurement data from the at least one tension estimation sensor and using the
obtained tension measurement data in an approximation model for estimating the actuator contact point

for the respective at least one actuator of the at least one aclualing means.

In embodiment, the method further comprises determining, for the next or a subseguent gripping
movement, the aciuator contact point for the respective at least one actuator of the at lsast one
actuating means at least partly based on an estimated actuator contact point for the current gripping

movement.

fn embodiments, the method further comprises determining, for the nextor a subseguent gripping
movement, the acluator contact point for at least one of the at least one actuating means solely based
on an estimated actuator contact point for the current gripping movement.

fn embodiments, the method further comprises determining, for the nextor a subseguent gripping
movement, the acluator contact point for the respective at least one actuator of the at least one
actuating means based on estimated actuator contact points for a plurality of previous gripping

movements.

in embodiments and following the release of a grasp after a gripping movement, the method further
comprises controlling, by the control system, the at least one actualing means so that the respective at
least one actuator is moved or backed out to a start position substantially corresponding to the
estimated actuator contact point for a previous gripping movement,

fn embodiments and following the release of a grasp after a gripping movement, the method further
comprises controlling, by the control system, the at least one actuating means so that the respective at
least one actuator is moved 10 or backed out o a start position corresponding fo, or substantially
gorresponding to, the estimated actuator contact point for an immediately preceding gripping movement.
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fn embodiments and following the release of a grasp after a gripping movement, the method further
gomprises controlling, by the confrol system, a plurality of actuators of the strengthening glove so that
the respective actuator is moved {0 or backed out to a start position corresponding to, or substantially
corresponding to, thelr respective estimated actuator contact point for the immediately preceding

gripping movement.

In embodiments and following the release of a grasp after a gripping movement, the method further
comprises controlling, by the control system and for the next gripping movement, a plurality of actuators
of the sirengthening glove so that the respective actuator is moved to or backed cut fo a start position
gorresponding to a determined start position which is determined based on an estimated actuator
contact point for the immediately preceding gripping movement.

fn embodiments and following the release of a grasp after a gripping movement, the method further
gomprises controlling, by the confrol system and for the next gripping movement, a plurality of actuators
of the strengthening glove so that the respective actuator is moved 1o or backed out fo a start position
corresponding to a determined start position which is determined based on previously estimated
actuator contact points for a plurality of preceding gripping movements. The star position for the
respective actuator may then be determined based on previcusly estimated actuator contact points for
the same actuator or may be determined based on estimated actuator contact points for the same and
other actuators, e.¢. by using weighting factors determining the importance of each estimated actuator
contact point. Thus, when the start position for a certain actuator is determined, the control system may
be configured to defermine the start position for the actuator based on previgusly estimated actuator
contact points for a plurality of actuators, e.¢. by using weighting factors determining the importance of
each estimated actuator contact point in the determining of the start position for the particular actuator.

In embodiments and following the release of a grasp after a gripping movement, the method comprises
controfling, by the control system, the at least one actuating means 50 that the respective at least one
actuator of the at least one actuating means is moved or backed out 1o an acluator start position slightly
below the estimated actuator contact point.

in embodiments and following the release of a grasp after a gripping movement, the method comprises
controfling, by the control system, the at least one actualing means 50 that arespective at least ong
actuator of the at least one actuating means is moved or backed out to an acluator start position which
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is more than 2 mm below the estimated actuator contact point for an immediately preceding gripping

movement,

In embodiments and following the release of a grasp after a gripping movement, the method comprises
controfling, by the control system, the at least one actuating means 50 that a respective at least one
actuator of the at least one actuating means is moved or backed out 1o a start position which is between
2 and 10 mm below the estimated actuator contact point for an immediately preceding gripping

movement.

in embodiments and after having moved or backed out the respective at least one actuator to a stant
nosition corresponding 1o, or substantially corresponding to, the respective estimated actuator contact
point for an immediately preceding gripping movement, controlling, by the control system, the respective
at least one actuator to move in a cyclic waveform from their respective start position 50 that the
respective at least one actuator is first moving in the positive direction and then back 1o the start
position, thereby causing an increase in the motor torque that may be used for determining an intention
by the user of the giove to open the hand further,

in embodiments and after having moved or backed out the respective af least one actuator io a stant
position corresponding 1o, or substantially corresponding 1o, the respective sstimated actuator contact
point for an immediately preceding gripping movement, the method comprises controliing, by the control
system, the respective at least one acluator of the atleast one actuating means 1 move in a sawtooth
pattern from their respeciive siart position so that the at least one actuator is moving slowly in the
positive direction and then quickly back fo the start position, thereby causing an increase in the motor
torque that may be used for determining an infention by the user of the glove fo open the hand further.

In embodiments, the system comprises at least two actuators, and the method further comprises
controliing, by the control system, the at least one actuating means 50 that the start fime of the
respective cyclic waveform, e.¢. sawtooth cycle, is offset between the at least two actuators {0 thereby
increase the amount of time when at least one of the actuator is moving in the positive direction, thereby
an intention by the user of the glove to open the hand further can on average be sensed by the control

system more quickly.

in embodiments, the system comprises at least two actuators, and the method further comprises

offsetting, by the control system, the start ime of the respective cyclic waveform, &.4. or sawtooth ¢ycle,

20



10

15

20

25

WO 2023/224536 PCT/SE2023/050477

between the at least two actuators 50 that at least one of the actuators is always moving in the positive
direction, thereby an intention by the user of the glove 1o open the hand further may be sensed by the
conirol system at any time.

In embodiments, the strengthening glove of the technology disclosed consists of a glove-like device
comprising artificial tendons running through ducts and/or sown into the fingers, which typically are
connected to a power unit. The power unit may then be part of an actuating means comprising at least
one actuator for pulling on the artificial tendons to thereby strengthen a movement imparted by the user,

e.g. a gripping movement.

In embodiments, the control system is configured to determine and store the range of obtained sensor
measurement values for a plurality of previous gripping movements and adaptively determine and adjust
the start position for the respective least one actuator as a function of the sensor input force based on
the stored range of obtained sensor measurement values for the plurality of previous gripping

movements.

In embodiments, the control system is configured to apply individual weighting factors to a plurality of
previous gripping movements so that an immediately preceding gripping movement to the next gripping
movement has a greater impact on the determining of the start position than the impact of a gripping
movement performed earlier than the immediately preceding gripping movement.

BRIEF DESCRIPTION OF DRAWINGS

Preferred embodiments of a strengthening glove and control system according to the technology
disclosed will be described more in detail below with reference to the accompanying drawings wherein:

In the following, the technology disclosed will be described in detail, with reference to exemplifying
embodiments and to the enclosed drawings, wherein:

Figure 1 is a perspective view of a strengthening glove according to an example embodiment of the
technology disclosed, worn by a human hand and comprising a control system;

Figure 2 is a perspective view of a strengthening glove according to another second example
embodiment of the technology disclosed, worn by a human hand and further showing sensor means;
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Figure 3 is a flowchart illustrating a method according to the technology disclosed;

Figure 4 illustrates an example of the machine output force applied as a function of the detected sensor

input force; and

Figure 5 illustrates an example of a series of similar gripping movements and releases of grasps where
the tension in the artificial tendons is plotted against actuator position.

DETAILED DESCRIPTION

In the drawings, similar details are denoted with the same reference number throughout the different
embodiments. In the various embodiments of the strengthening glove and control system according to
the technology disclosed, the different subsystems are denoted. The “boxes’/subsystems shown in the
drawings are by way of example only and can within the scope of the technology disclosed be arranged
in any other way or combination. In the drawings, similar details are denoted with the same reference
number throughout the different embodiments.

The technology disclosed relates to a strengthening glove, or force/power-assisting glove, in other
words a glove arranged to be worn by a human hand and used for strengthening a gripping movement
executed by one or more fingers of the hand. The technology also relates to a feedback control system
for a strengthening glove, and methods for operating and controlling the at least one actuator for such a

strengthening glove.

In particular, the technology disclosed relates to a strengthening glove and control system for adaptive
control of the actuating means of a strengthening glove, and methods for adaptive control of the

actuating means of a strengthening glove.

The tasks and actions performed by a strengthening glove, or force-assisting glove, require a suitable
aid and an applied machine output force which is fast in response to the imparted grasping force of the

fingers/hand of the user.

In aspects, the objective of the technology disclosed is to provide a strengthening glove, a control
system and methods for a faster and/or more synchronized machine output force response applied by
the control system via its actuators to thereby provide an improved more suitable combined grasping
force imparted by the fingers/hand of the user and applied machine output force.
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In aspects, the objective of the technology disclosed is to provide a strengthening glove, a control
system and methods for responding more quickly and accurately in situations where substantially the

same or similar gripping movements are performed repeatedly and in sequence.

The inventors of the technology disclosed have realized that when the user releases their grasp it is
useful to not back out the actuators farther than necessary, as this allows the glove to act on the next
grasp without substantial delay. Furthermore, the inventors have realized that the strengthening glove
further needs to be responsive if the user tries to open his/her hand further, e.g. after a release of a

grasp.

In particular, the strengthening glove, control system and adaptive methods of the technology disclosed
provides a fast machine output force response and a more suitable combined grasping force of the
fingers/hand of the user and machine output force applied by the control system via its at least one
actuator in situations when substantially the same or similar gripping movements are performed

repeatedly and sequentially.

The force generated by the strengthening glove can only be transferred to the fingers when the artificial
tendons are tight. Any slack in the tendons will cause a delay in the response of the glove while the
tendons are being tightened. Consequently, it is useful to estimate for each glove finger the actuator
position where the tendon is just tight enough to transfer force to thereby avoid backing out the actuator
too far when the user starts releasing the grasp. We call this point the contact point. The contact point is
unique to each type of grasp that the user performs since it depends on the shape of the grasped
object. It is however likely that the user will grasp the same object repeatedly. The inventors have
realized that keeping track of the contact point enables the glove to respond more quickly in situations

where substantially the same or similar gripping movement are performed.

The contact point for an actuator may be determined based on an estimated tension. Since tension
estimation only works when the tendons are tight, the contact point determination is typically performed
when the tension has risen above a certain threshold. From there, the actual contact point may be
estimated by a linear approximation, using the assumption that the tension rises linearly with the

actuator position once contact has been established.

A strengthening glove, or force/power-assisting glove, responds differently in terms of applied machine
output force depending on whether the applied force is increasing or decreasing. This difference is due
to force hysteresis due to friction in the force-transmitting parts of the glove, e.g. the textile, stitches etc.
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The strengthening glove responds to applied force with a behaviour similar to a spring when the artificial
tendons are tightened, i.e. when the actuator speed is positive and the artificial tendons begin to stretch.
This means that when the position of the actuator(s) increases, the tension in the artificial tendons
increases linearly from the moment the actuators reach their respective contact point, i.e. the position

where the artificial fendon connected o the respective actuator is just tight encugh to ransfer force.

In aspects, the technology disclosed relates to a system and glove for strengthening a gripping
movement performed with one or more fingers of a human hand enclosed in a glove with at least one
glove finger and comprising at least one artificial tendon extending along the inside of the glove and
being connected fo an actuating means, at least one sensor means situated on the inside of at least one
of the at least one glove fingers and aranged o detect a force between a finger enclosed in the glove
finger and a contact surface applied 1o the finger.

The glove/system may then further comprising a control system arranged 1o cause the at least one
actuator to exert a pulling force on the artificial tendon of at least one giove finger on the basis of a force
detected by the at least one sensor means arranged to detect a respective force between a respective
human finger wearing the respective glove finger and a respective contact surface onto which the
gripping movement is applied, whereby a gripping movement performed by a human hand wearing the
glove is strengthened, which controf system is arranged 1o oblain sensor measurement values from the
respective at least one sensor means, and to control the respective machine output force applied by the
at least ong actualing means using a force strengthening fesdback loop based upon the sensor

measurement values obtained from at least one of the at least one sensor means.

The actuators of the glove/system typically operate using a combination of a motor and mechanical
drive mechanism. By transmitting motor torque to the drive mechanism, actuators can convert it to

motion that include linear or helical motion, as well as rotation.

According to embodiments of the technology disclosad, the control system s further configured to
estimate the actuator contact point for at least one of the at least one actuator based on input signals
obtained by the conirol system, for example input signals indicative of at least one of the motor voltage
U and the moilor rotation speed w for the at least one actuator. The actuator contact point may then be
defined by the actuator position where the artificial tendon connected 1o the respective actuating means
is just tight enouigh 1o begin transferring force.

24



10

15

20

25

WO 2023/224536 PCT/SE2023/050477

The motor voltage is typically controlied by the control system of the strengthening glove based on/in
response o obtained measured sensor values for at least one sensor of the at least one sensor means
of the glove, for example at least one pressure sensor, and the rotation speed may be determined using
encoder(s) mounted/arranged on the motors. The applied motor voltage may then be afunction of the
sensor values measured/obtained by at least one sensor of the glove, for example a pressure sensor,
and the conirol system of the glove may further be configured 1o determine the applied motor voltage
from the obtained sensor values. The control system may then be further configured to
estimate/determine the contact point for an actuator of the glove at least partly based on the applied

motor voltage for the actuator,

Moreover, data indicative of the rotation/rotational speed w for the at least one actuator, for example
determined by at least one encoder mounted on the motor, may also be obtained by the confrol system
of the glove and the control system may be configured to estimate/determine the contact peint for an
actuator at least parily based on the rotation/rotational speed w for the actuator.

In embodiments, the conirol system of the glove may be configured to use at least one of the applied
motor voltage U and oblained/received data indicative of the rotation speed w for at least one actuator
as input signals/data for estimating, for a gripping movement, the contact point for the ai least one
actuator. As an example, the control system may be configured 10 use at lsast one of the applied motor
voltage U and the rotation speed w an approximation model, for example

in embodiments of the technology disclesed, the contact point of an actuator for a grip may be
estimated with a linear approximation by taking the maximum position of the actuator along with the
highest estimated tension during the grip. Once the tendon begins 10 streteh, the system behaves like a
spring and the relationship between position on the actuator and tension in the tendon is approximately

fincar.

As mentioned above, the signals used to estimate tension, for example by use of an approximation
model, are typically the motor voltage U and the motor rotation speed w. The motor voliage U is typically
controfled by the control system of the strengthening glove from measured sensor values, for example
by obtaining sensor measurement data indicative of the amount of force applied to at least one pressure
sensor of the glove and then applying a feed voltage to the motors resulting in an applied machine
output force, and the rotation speed w is typically measured with encoders mounted on the motors.
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With the motor equation, U= R "1 +K ™ w, the motor current | can be calculated. The motor constant k
and the motor resistance R are specified by the manufacturer. The resistance R is typically also
checked with lab measurements.

Yith the relation tg_motor = k * |, the work performed by the motor can be caloulated. Due to the
systemt's built-in moment of inertia, the present disclosure proposes o compensate for the dynamic part
to get the available torque, tq_oulputShaft = tg_motor — tq_dynamic, where tg_dynaic is estimated by J
* dwidt. Jis the systeny's built-in moment of inertia, estimated with lab measurements, and dw/dtis the
motor's acceleration, and may be measured with the same encoders that are used for measuring the

rotation/rotational speed w ior the actuator.

To move on to tension, we first need {0 compensate for losses in the system. Actuator friction can vary
between the individual actuators and is therefore continuously estimated each time the actuator backs
out at a constant speed by looking at how much forque is required for if.

Cther losses are typically assumed to be more general and may be compensated with a loss factor
measured in the lab. The hysteresis may typically be compensated for with a position-based low-pass
filter.

in accordance with the technology disclosed, itis typically assumed that the remaining torque is taken
tp by the tendon. By multiplying radians per millimeter, for example the gear ratio on a ball screw in the
actuator, i is possibie to go from torque (Nm/rad) to tension (N).

Cne problem with the above tension estimate is that it only works when the actuators are moving
forward. Thus, if the actuator would be configured to always stand still just before the contact point and
wait for the next grip, it would not be possible {0 detect when the user tries 1o open his/her hand more.
That's where the sawiooth behavior described in the present disclosure comes in.

In aspects, the technology disclosed relates to a glove/system for strengthening a gripping movement
performed with one or more fingers of a human hand enclosed in a glove with at least one glove finger
and comprising at least one artificial tendon extending along the inside of the glove and being
connscted to an actuator/actuating means, at least one sensor means situated on the inside of at least
one of the at least one glove fingers and arranged 1o detect a force between a finger enclosed in the
glove finger and a contact surface applied 10 the finger. The system further comprising a control system
arranged fo cause the at least one actualor to exert a pulling force on the artificial tendon of at least one
glove finger on the basis of a force detected by the at least one sensor means arranged to defect a
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respective force between a respective human finger wearing the respective glove finger and a
respective contact surface onto which said gripping movement is applied, whereby a gripping movement
performed by a human hand wearing the glove is strengthened, which control system is arranged to
read a respective sensor measurament value from the af least one sensor means, and 1o control the
respective machine cutput force applied by the at least one acluating means using a force
strengthening feedback loop based upon sensor measurement values obtained from at least one of the
at least one sensor means, whersin the control system is configured to estimate the actuator contact
point for at least one actuator of the at least one actuating means based at least partly on atleast one of
an algorithm and an approximation model for estimating the tension in the respective at leastone
artificial tendon fo determine the actuator contact point where the respective artificial tendon connected
to the actuator begins to transfer force. The control system may then be further configured fo first
determine and adiust, for the next or a subsequent gripping movement, the actuator start position for the
at least one actuator of the at least one actuator/actuating means at least partly based on the estimated
actuator contact point and then control, for the next or a subsequent gripping movement, the movement
of the at lsast one actuator of the at least one actuating means so that the at least one actuator is
backed out to a start posifion for the next or subsequent gripping movement that is determined at least
partly based on the estimated actuator contact point for the at least one previous gripping movement.

In aspects and embodiments, the techngiogy disclosed relates to a method for operating a
strengthening glove with at least one glove finger, which glove is arranged fo strengthen a gripping
movement performed by a human hand wearing the glove, which glove comprises at isast one sensor
arranged fo delect, in at least one mieasurement location on the palm side of said at least one glove
finger, arespective force between a respsactive human finger wearing the respective glove fingerand a
respective contact surface onio which said gripping movement is applied, which glove further comprises
at least one actuating means arranged o impart a force to a respective one of said glove fingers, which
glove further comprises a conirol system, arranged 1o read respective measurement values from the at
least one sensor and to control the respective force applied by said at least one actualing means using
a force strengthening feedback loop based upon the said measurement values, the method comprises
the steps of

aj reading, by the control system, sensor measurement values from the at least one sensor during a
gripping movement;

b} controlling, by the control system, the machine output force applied based on the sensor
measurement values read from the at least one sensor,

¢} estimating, by the control system, the actuator contact point for at least one actuator of the atleast
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ong actuating means based at least parlly on at least one of an algorithm and an approximation model
for estimating the tension in the respective at least one artificial tendon, where the actuator contact point
is defined by the position of the actuator where the artificial tendon connected fo the respective actuator
of the at least one actuating means begins to transfer force;

d} determining and adjusting, for the next or a subsequent gripping movement, the actuator start
position for the at least one actuator of the atleast one actuating means at ieast partly based on the
estimated actuator contact point; and

g} confrolling, by the control system and for the next or a subsequent gripping movement, the
movement of the at least one actuator of the af isast one actuating means so that the at least ene
actuator is backed out o a start position for the next or subsequent gripping movement that is
determined at least partly based on the sstimated actuator contact point for the at least one previous

gripping movement.

In aspects and embodiments, the technoiogy disclosed relates o a method for operating a
strengthening glove with at least one glove finger, which glove is arranged to strengthen a gripping
movement performed by a human hand wearing the giove. The strengthening glove may then comprise
at least one sensor arranged 10 detect, in at least one measurement location on the palm side of the at
least one glove finger, a respeciive force between a respective human finger wearing the respective
glove finger and a respective contact surface onto which the gripping movement is applied. The glove
further comprises al least one actuator, or actuating means, arranged {0 impart a force to a respective
one of the glove fingers. The respective actuator comprises a motor and operates using a combination
of a motor and a mechanical drive mechanism. The confrol system is arranged 10 read respeciive
measurement values from the af least one sensor and to control the respective force applied by the at
least one actuator/actuating means using a force strengthening fesdback loop based upon the
measurement values, and the method comprises the steps of;

aj reading, by the control system, sensor measurement values from the at least one sensor during a
gripping movement;

b} controlling, by the control system, the machine output force applied via the respective atlsast one
actuator based on the sensor measurement values read from the at ieast one sensor,

¢} obtaining, the motor voltage applied to the motor of the respective at least one actuator during at
least portions of the gripping movement and the rotation/rotational speed for the respective at least one
actuator during at least portions of the gripping movement,

d) estimating, by the control system, the respective actuator contact point for at least one actualor of the
at least one actuating means by use of an approximation model having the obtained motor voitage
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applied o the motor of the respective at least one actuator and the rotation speed for the respective at
least one actuator as input data, where the actuator contact pointis defined by the position of the
respective actuator where the ariificial tendon connected 10 the respective actualing means begins fo
transfer force,

¢} defermining, for the nexi or a subsequent gripping movement, a start position for the respective at
least one actuator at least partly based on the estimated actuator contact point for the respective at
least one actuator, and

f) controlling, by the control system and following the release of a grasp, the movement and pogitioning
of the respective at least one actuator so that the start position for the respective at least one aciuator
for the next or subsequent gripping movement is at least partly based on, or corresponding {o, the
determined start position.

fn aspects and embodiments, the technology disclosed relates 1o a method for operating a
strengthening glove with at least one glove finger, which glove is arranged fo strengihen a gripping
movement performed by a human hand wearing the giove. The strengthening glove may then comprise
at least one sensor arranged o detect, in at least one measurement location on the palim side of the at
least one glove finger, a respective force between a respective human finger wearing the respective
glove finger and a respective contact surface onto which the gripping movement is applied. The glove
further comprises at least one actuator, or actuating means, arranged fo impart a force 10 a respective
one of the glove fingers. The respeciive actuator comprises a motor and operales using a combination
of a motor and a mechanical drive mechanism. The control system is arranged 1o read respective
measurement values from the af least one sensor and to control the respective force applied by the at
least one actuator/actualing means using a force strengthening feedback loop based upon the
measurement values, and the method comprises the steps of:

a} reading, by the control system, sensor measurement values from the at least one sensor during a
gripping movement;

b} controliing, by the control system, the machine output force applied via the respective atleast one
actuator based on the sensor measurement values read from the at ieast one sensor,

¢} reading, by at least one encoder mounted/arranged on the motor for the respective actuator, dats
indicative of the rotation/rotational speed for the respective actuator,

d} receiving, by the control system and from the at least one encoder, data indicative of the
rotation/rotational speed for the respective at least one actuator during at least portions of the gripping

movement
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g} obtaining, by the control system, the miotor voitage applied o the motor of the respective at isast one
actuator during at least portions of the gripping movement,

f) estimating, by the control system, the respective actuator contact point for at lsast one actuator of the
at least one actuating means by use of an approximation model having the obtained motor voitage
applied o the motor of the respective at least one actuator and the received data indicative of the
rotation speed for the respective af least one actuator as input data, where the actuator confact point is
defined by the position of the respeciive actuator where the artificial tendon connected to the respeciive
actuating means begins fo fransfer force,

4} determining, for the next or a subsequent grinping movement, at least portions of the movement and
positioning, for example the start position, for the respective at least one actuator &t least partly based
on the estimated actuator contact point for the respective at least one actuator, and

h} controlling, by the control system and foliowing the release of a grasp, the movement and positioning
of the respective at least one actuator so that the start position for the respective at least one aciuator
for the next or subsequent gripping movement is at least partly based on, or corresponding {o, the

determined start position.

In aspects and embodiments, the technology disclosed relates to a method for operating a
strengthening glove with at least one glove finger, which glove is arranged to strengthen a gripping
movement performed by a human hand wearing the giove. The strengthening glove may then comprise
at least one sensor arranged 1o detect, in at least one measurement location on the palm side of the at
least one glove finger, a respective force between a respective human finger wearing the respective
glove finger and a respective contact surface onto which the gripping movement is applied. The glove
further comprises at least one actuator, or actuating means, arranged {0 impart a force 1 a respective
one of the glove fingers. The respective actuator comprises a motor and operates using a combination
of a motor and 2 mechanical drive mechanism. The confrol system is arranged 10 read respeciive
measurement values from the af least one sensor and to control the respective force applied by the at
least one actuator/actuating means using a force strengthening fesdback loop based upon the
measurement values, and the method comprises the steps of;

aj reading, by the control system, sensor measurement values from the at least one sensor during a
gripping movement;

b} controlling, by the control system, the machine output force applied via the respective atlsast one

actuator based on the sensor measurement values read from the at isast one sensor,
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¢} reading, by at least one encoder mounted/arranged on the motor for the respective actuator, data

indicative of the rotation/rotational speed for the respective actuator,

d} receiving, by the control system and from the at least one encoder, data indicative of the
rotation/rotational speed for the respective at least one actuator during at least portions of the gripping

movement

g} obtaining, by the conirol system, the motor voitage applied o the motor of the respective at least one
actuator during at least portions of the gripping movement,

f) estimating/determining, by the control system, the respective actuator contact point for at least one
actuator of the at lsast one actuating means by use of an approximation mode! having the oblained
motor voltage applied to the motor of the respective at least one actuator and the rotation speed for the
respective al least one actuator as input data, where the actuator contact pointis defined by the position
of the respective actuator where the artificial fendon connected to the respective actuating means
begins to transfer force,

3 determining, for the next or a subsequent gripping movement, a start position for the respective at
least one actuator at least parlly based on the estimated actuator contact point for the respective at
least one actuaior, and

b} controfiing, by the control system and foliowing the release of a grasp, the movement and positioning
of the respective at least one actuator so that the start position for the respective at least one actuator
for the next or subsequent gripping movement is at least partly based on, or corrasponding to, the
determined start position.

When the actuators move backwards in order to reduce the applied machine output force, the tension in
the artificial tendons will be kept up due to friction. A significant proportion {~ 50%; of the force
generated by the actuators may typically be lost in losses in the force fransmission between the
actuators and the glove, including losses in the Bowden cables between the actuators and the force
anchoring in the glove. The losses in the Bowden cables is due to the angular sum of the Bowden
cables. if the cables are kept completely straight, there would be no losses in the force transmission in

the Bowden cables.

As mentioned above, when the user releases their grasp it is useful to not back out the actuators farther
than necessary, as this allows the glove to act on the next grasp without delay. This requires the glove
to also be responsive if the user tries to open their hand further.
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In various embodiments of the technology disclosed, the glove may use tension sensors to determine
the user’s intention to release the grasp, and/or an intention detection algorithm may be used. An
intention detection algorithm may be used without any tension sensors and may be based on the
observation that if the user starts opening their hand while the actuators are moving in a positive

direction, this will cause an increase in the motor torque.

In embodiments, the technology proposes to keep the actuators moving in the positive direction most of
the time, while maintaining them approximately at the contact point, e.g. each actuator may be
controlled to move & ¢yclic waveform, e.g. a sawtooth pattern, slowly in the positive direction, then

quickly back to the estimated contact point.

In embodiments, the start of each ¢yclic waveform may then be offset between the actuators so that at
least one actuator is always moving in the positive direction, so that the user’s intention can be sensed

at any time.

The introduction of the intention detection algorithm strives to improve the user experience by allowing
the glove to respond quickly to repeated grasps. It uses the contact point determination and grasp
release intention detection described above to be attentive to the user’s intentions. This allows it to
minimize the slack in the tendons as the user performs repetitive grasps, with minimal interference when

the user releases a grasp.

In embodiments, the intention detection algorithm may run in parallel with a basic grasp algorithm. Each
algorithm then generates a control voltage for each of the actuators and the highest voltage will control
the actuator. When the user is grasping an object the basic grasp algorithm is in control, but when the
user releases their grasp the algorithm ensures that the actuators are not backed out too far for the
glove to be responsive should the user renew their grasp. The algorithm is especially useful when the

user performs a series of repetitive grasps with a small range of motion.

In embodiments, the algorithm attempts to find a suitable baseline position for each actuator, initially
based on the contact point. If the user performs another grasp this counts as a successful prediction of
the user’s intention. If on the other hand the user opens their hand further than the algorithm predicted,
this counts as a failure. The algorithm may then maintain a success rate based on the history of
success and failure. The baseline position may be recalibrated based on the success rate, typically
raised when the success rate increases and lowered when it decreases. This way the algorithm adapts
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to the user’s grasp pattern. The baseline position may be overlaid with the ¢yclic waveform, e.q.
sawtooth pattern, to be able to sense if the user starts opening their hand.

The technology disclosed relates to a strengthening glove with at least one glove finger and comprising
a control system arranged to strengthen a movement, e.g. a gripping movement, performed by a human

hand wearing the strengthening glove.

The control system comprises at least one sensor means with at least one sensor arranged to detect, in
at least one measurement location on the palm of the hand and the palm side of the at least one glove
finger, arespective force between a respective human finger wearing the respective glove finger and a
respective contact surface onto which the gripping movement is applied.

The control system of the strengthening glove further comprises at least one actuator, or actuating
means, arranged to impart a force to a respective at least one of the glove fingers. The control system
may further comprise a control device arranged to read respective sensor measurement values from the

at least one sensor means for each of the at least one measurement location.

The at least one sensor means is typically arranged on at least one of the palm of the hand and the
palm side of the at least one glove finger of the strengthening glove and is configured to detect a
respective pressure or force between a respective human finger wearing the respective glove finger and

a respective contact surface onto which a gripping movement is applied.

The technology disclosed is partly based on the insight that the machine output force applied to the
respective at least one glove finger by the control system via its actuators is in response to, or a function
of, the sensor measurement values of the pressure or force detected by the force detecting sensor
means and not the manual force imparted by the user.

The inventors have realized that the sensor input force detected and thereby the machine output force
applied by a strengthening glove, or force-assisting glove, is subjected to different factors that have an
impact on and constantly and continuously changes the range of sensor measurement values detected
and thereby the machine output force applied by the strengthening glove during operation and over

time.

For example, the inventors have realized that the range of detected sensor measurement values and
thereby the magnitude of the applied machine output force may depend on the different nature of the
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various tasks performed by the strengthening glove, the sensor technology used for the sensors and the
physical and electrical properties of the individual sensors.

Moreover, the inventors have also realized that the range of detected sensor measurement values and
thereby the applied machine output force continuously change over time when the electrical properties
of the individual sensors and the mechanical properties of the individual gloves change, including the
aging of the gloves and their sensors.

The technology disclosed also relates to a method for operating a strengthening glove with at least one
glove finger, which glove is arranged to strengthen a gripping movement performed by a human hand
wearing the glove, which glove comprises at least one force detecting sensor means arranged to detect,
in at least one measurement location on the palm of the hand or the palm side of the at least one glove
finger, arespective force between a respective human finger wearing the respective glove finger and a
respective contact surface onto which the gripping movement is applied.

The strengthening glove further comprises at least one actuating means arranged with at least one
actuator to impart a force to a respective one of the glove fingers, so that the corresponding human

finger wearing the glove finger in question is bent towards a gripping position.

The strengthening glove of the technology disclosed further comprises a control device, arranged to
read a respective measurement value from the sensor means for each of the measurement locations
and to control the respective force applied by the at least one actuating means using a force
strengthening feedback loop based upon the sensor measurement values.

The technology disclosed addresses these problems by providing a strengthening glove and a control
system for adaptive control using, for example, software programs and/or algorithms initiated using
sensor measurement values and input from the same sensor locations that are used in a feedback loop
in order to perform the strengthening action of the glove, as well as a method implementing such
functionality.

In certain aspects, the technology disclosed relates to improvements in the firmware regarding
algorithms which detect the user’s intentions of grasping, holding, and releasing an object to be able to
respond quickly to the user’s actions. The strengthening glove of the technology disclosed typically
consists of a glove with artificial tendons running through ducts or sown into the fingers, which are

connected to a power unit.
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The power unit contains actuators which pull on the artificial tendons to strengthen a movement
imparted by the user, e.g. a gripping movement. When the system is in the starting state the actuators
are typically at the end position which give the maximum slack of the artificial tendons. This will be
referred to as the lower end position. As the actuators move to tighten the tendons, they move in the
positive direction. This of course typically implies a positive rotation of the motors, in response to a

positive applied voltage.

The strengthening glove according to the technology disclosed is equipped with at least one sensor
means including, e.g., pressure sensors, force sensors and/or strain sensors arranged in the glove
fingers. The sensor means are used to sense the sensor input force when the user grasps an object
and, when the glove is providing assistance, the combined grasping force of the user and the machine
output applied by the control system via its actuating means.

Another key aspect is the force in the glove’s artificial tendons, which plays an important role in
detecting the user’s intention to release the grasp. In this disclosure, the word ‘force’ will generally mean
the force or pressure measured by the at least one sensor means, including e.g. pressure sensors or

force sensors, while the word ‘tension’ will be used for the force in the tendons.

Example embodiments of the strengthening glove according to the technology disclosed may use
custom-made tension sensors to measure the tension in the artificial tendons. However, in other
embodiments of the technology disclosed, these tension sensors are replaced by a model-based
estimation of the tension in the artificial tendons. The use of a model-based estimation of the tension in
the artificial tendons typically lead to significant cost reductions as well as increased robustness of the

system.
All figures share the same reference numerals for similar or corresponding parts.

Figure 1 illustrates a human hand 10 wearing a strengthening glove 100 according to an embodiment of
the technology disclosed. The strengthening glove 100 comprises a control system 200, also according

to the technology disclosed.

Furthermore, the glove 100 comprises at least one glove finger. In figure 1, five glove fingers 101-105
are illustrated, for exemplifying purposes. The glove 100 is arranged to strengthen a movement, e.g. a
gripping movement, performed by the human hand 10 wearing the glove. The control system 200 also
comprises at least one actuator or actuating means 240 (generally indicated in figure 1), arranged to
impart a force to a respective one of the glove fingers 101-105. The actuator or actuating means 240 in
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this example embodiment is arranged on the top of the arm/hand. In other embodiments of the
technology disclosed, the actuating means 240 may be arranged in other locations such as on the back
of the user or on the inside of the user’'s arm (Figure 2).

Figure 2 illustrates a human hand 10 wearing a strengthening glove 100 according to another example

embodiment of the technology disclosed. Figure 2 shows the sensor means 210 arranged on the paim

side of the glove fingers. In the example embodiment illustrated in Figure 2, the actuating means 240 is
arranged on the inside of the user's arm.

In order for the glove 100 and control system 200 to be able to control the machine output force of at
least one actuating means 240 using a force strengthening feedback loop, the control system 200
comprises at least one sensor means 210 arranged to detect, in at least one measurement location on
the palm 106 side of the at least one glove fingers 101-105, a respective force between a respective
human finger 11-15 wearing the respective glove finger 101-105 and a respective contact surface onto
which the gripping movement is applied, at the respective at least one measurement location for the
sensor means 210. In different example embodiments of the technology disclosed, several
measurement locations may be arranged on the palm side of the hand, on one single finger and/or on
different fingers.

The control system 200 according to the technology disclosed also comprises at least one actuator or
actuating means 240 (generally indicated in figure 1), arranged to impart a force to a respective one of
the glove fingers 101-105, so that the movement imparted by the corresponding human finger 11-15
wearing the glove finger 101-105 is strengthened in its movement, e.g. gripping movement. In the
figures, one and the same actuator or actuating means 240 is arranged to impart respective such forces
to each one of the five fingers 101-105. However, it is realized that according to different embodiments
of the technology disclosed, several actuators or actuating means 240 may be used in parallel, for
instance each operating on one finger each, and/or there may be less than five controlled glove fingers
101-105. More than one actuator or actuating means 240 may also operate on one single finger, such
as one actuator or actuating means 240 being arranged to extend or open the glove finger 101-105 and
one actuator or actuating means 240 being arranged to strengthen a movement imparted by the finger
in question. A combination of the above is also possible.

The control system 200 is arranged to read a respective sensor measurement value from the at least
one sensor means 210 for each of the at least one measurement location, and to apply a machine
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output force to the respective at least one glove finger 101-105 via the actuator or actuating means 240

as a function of read or obtained sensor measurement values.

According to embodiments of the technology disclosed, the control system 200 is configured to
determine and control the actuator start position for the next or a subsequent gripping movement based
on an actuator contact point estimated for at least one previous gripping movement.

The control system 200 may then typically be arranged to read or obtain a respective sensor
measurement value from the at least one sensor means 210 for each of the at least one measurement
location during at least one gripping movement, and to adaptively determine and/or control the
respective start position for the respective actuator or actuating means 240 to each controlled finger
101-105 for the next, a subsequent or future gripping movement as a function of read sensor
measurement values based on a previously estimated actuator contact point for the actuator or
actuating means 240.

In embodiments, the control system 200 may typically comprise a control device 230, connected to the
actuator or actuating means 240. As such, the control device 230 may comprise, or has access to,
operating logic defining means for controlling the start position for the at least one actuator or actuating
means 240 based on a previously estimated actuator contact point for the actuator or actuating means
240. For instance, such logic may be implemented in mechanics comprised in the control device 230,
but preferably the control device 230 comprises electronic hardware circuitry and/or, preferably, a digital
processor programmed with software configured for adaptively determining the start position for the at
least one actuator or actuating means 240 for the next or a subsequent gripping movement based on an
estimated actuator contact point for at least one previous gripping movement, e.g. at least partly based
the estimated actuator contact point for the immediately preceding gripping movement.

To be specific and in embodiments, the control device 230 may typically be arranged to read a
respective sensor measurement value from the at least one sensor means 210 for each of the at least
one measurement location during at least one gripping movement, and to adaptively control the
respective start position for the actuator or actuating means for the next or a subsequent gripping

movement based on the estimated actuator contact point for at least one previous gripping movement.

The actuator or actuating means 240 may be conventional as such, for instance strengthening finger
11-15 movement via artificial tendons 250 (see below), pulling on the glove 100 fingers 101-105, by
pulling the artificial tendons 250 via an electrical motor.
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Hence, the control may be performed using a software program, which comprises or is constituted by a
force strengthening feedback loop, in turn based upon the sensor measurement values as input
parameters. In other words, the control device 230 controls the actuating means 240 based upon output
values of the calculations so as to control the movements and positioning of the actuators or actuating

means 240.

However, according to embodiments of the technology disclosed, the control device 230 of the control

system 200 may be further arranged to automatically and adaptively adjust, for the next or subsequent
gripping movement, the start position for the at least one actuator or actuating means 240 based on at
least one estimated aciuator contact point for at least one previous gripping movement, e,g, which was

estimated for the immediately preceding gripping movement.

It is important to understand that the term "software program" herein refers to the algorithm used to,
based upon read sensor means 210 measurement values, calculate control data for controlling the
actuating means 240, as opposed to the actual current control state fed to the actuating means 240. For
example, merely the fact that a particular glove 100 finger 101-105 at a particular instant is bent with,
say, aforce of 0.1 N, as the corresponding finger 11-15 is currently pressed against a particular surface,
does not constitute a "software program" in the present sense. Instead, a "software program" rather
prescribes how to calculate an appropriate actuating means control parameter based upon a previously
estimated actuator contact point and/or a given set of sensor measurement values/data from the sensor
means 210, producing variable control parameters at least partly based on estimated actuator contact
points, e.g. according to a certain set of logical rules. Hence, under one particular software program,
different actuating means control will typically result based upon different estimated actuator contact
noints determined by the control system 200.

Herein, the term "measurement location" refers to a location where the said force is measured using the

sensor means 210. Such a measurement location may be point-like or have a certain surface extension.

According to embodiments, the sensor measurement values from the at least one measurement
location are used as an input parameter into a control program. In embodiments, all measurement

locations are such measurement locations, being used in the control program.

By determining the actuator contact point for the next or an upcoming gripping movement based on
estimated actuator contact points for previous/current gripping movement(s), the technology disclosed
provides for a glove 100 which responds more quickly and accurately to the user’s intentions, i.e.
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change in applied manual force, in situations where substantially the same or similar gripping
movements are repeatedly performed, e.g. in sequence.

It is realized that the sensor means 210 may be in the form of one and the same sensor, e.g. pressure
sensor or force sensor, arranged to measure pressure and/or force at several such locations, even
along a continuous surface, of the glove 100 fingers 101-105. However, in various embodiments of the
technology disclosed the sensor means 210 may comprise a plurality of distinct sensors, e.g. at least
two pressure sensors and/or force sensors, in turn arranged at the respective measurement locations
and connected to a central processing unit, or directly to the control device 230. In the figures, the

sensor means 210 comprises one such respective sensor for each measurement location.

Preferably, the above-mentioned control program is arranged to implement the feedback loop as
described above, possibly in a way which is conventional as such.

In another preferred embodiment, the control program comprises applying a machine output force to at
least one glove 100 finger 101-105.

In the embodiment illustrated in Figure 1, the actuating means 240 operating on at least one glove 100
finger 101-105 comprises a respective artificial tendon 250 connected to the glove 100 finger 101-105,
at respective fastening points, which artificial tendon 250 is arranged to strengthen a movement
imparted by the respective finger 101-105 by the control device 230 applying, via the machine output
force applied by the actuating means 240, a respective pulling force to the respective artificial tendon
250 and as a result also to the respective glove finger 101-105. The control device may comprise a
power unit (not shown) and the artificial tendon can be attached to the control device 230, e.g. the
power unit, via conventional Bowden cables 330. In embodiments, the actuator or actuating means 240
may comprise a mechanism such as a linear or circular actuator, e.g. linear nut and screw or circular

bobbin, which is used to impart the pulling force and to adjust the length of the artificial tendon 250.

Figure 3 illustrates the method steps of a method according to embodiments of the technology disclosed
for operating a strengthening glove 100 of the type described above.

In step 301, the method according to embodiments of the technology disclosed comprises controlling,
by the control system 200, the machine cuiput force applied via the respective at least one actuator

based on the sensor measurement values read from the at lsast one sensor,
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In step 302, the method according to embodiments of the technology disclosed comprises estimating,
by the confrol system 200, the respective actuator contact point for at least one actuator of the at least
one actuating means, where the actuator contact point is defined by the position of the respeciive
actuator where the artificial tendon connected fo the respective actuating means is just tight enough to

transfer force.

In step 303, the method according to embodiments of the technology disclosed comprises determining,
by the control system 200 and for the next or a subsequent gripping movement, a start position for the
respective at least one actuator, where the determining of the start position is based on the actuator
contact point estimated in step 302.

In step 304, the method according to embodiments of the technology disclosed comprises controlling,
by the control systemn 200 and following the release of a grasp, the movement and positioning of the
respective at least one actuator so that the start position of the respective at least one actuator for the
next or subsequent gripping movement corresponds 16 the start position determinad in step 303.

Hence, the control device 230 of the control system 200 causes the actuator or actuating means 240 to
be controlled according to the determined stari position in step 303, thereby the strengthening glove 100
and its control system 200 is configured to automatically and adaptively adjust and control the start
position for the actuator or actuating means 240 based on previously estimated actuator contact point.

Figure 4 illustrates an example of the machine output force applied by the actuating means of a
strengthening glove as a function of the sensor input force(s) detected by the sensor means of the
strengthening glove, i.e. the relationship between the at least one sensor input force detected by the at
least one sensor means and the machine output force applied to the respective at least one glove finger
by the at least one actuating means. “T — Output” on the y-axis is the applied machine output force and
‘F - Input” on the x-axis is the detected sensor input force. Thus, an obtained at least one sensor
measurement value for the sensor input force F — Input will result in an applied machine output force T -
Output.

“T_max” in Figure 4 is maximum machine output force applied, “dz” is the threshold value for the sensor
input force below which no machine output force is applied and “s” is the slope of the curve or up-ramp
defining the sensitivity of the strengthening glove, i.e. the relationship between the sensor input force
detected and the machine output force applied by the control system via its actuating means above the

threshold value dz but below a sensor input force when a maximum machine output force is applied.
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In the example illustrated in Figure 4, the machine output force applied is a linear function of the sensor
input force in the sensor range. However, in other examples, the machine output force applied by the
actuating means of a strengthening glove may be a non-linear function of the sensor input force
detected in the sensor range between the threshold value dz and the smallest sensor input force above

which a maximum machine output force T_max is applied.

In figure 5 illustrates an example of a series of similar gripping movements (up-slope) and releases of
grasps (downslope) where the tension in the artificial tendons is plotted against actuator position. The
differences between the plurality of gripping movements (up-slopes) and the plurality of releases of
grasps (downslopes) for the series of grasps and the shape of the downslopes shows the motivation for
introducing the solution according to technology disclosed. For example, the estimated actuator contact
point {where the tension in the artificial tendon is just tight enough to transfer force} for each of the
similar gripping movements Hllustrated in Figure 5 is about position 75 mm so the start position
determined by the control system for the next or a subsequent gripping movement would also be about
position 75 mm. If not for the solution according o the technology disclosed, the actuator for the series
of gripping movement would repeatedly and always have been moved or backed out to position zero for
the actuator. The solution according © the technology disclosed where the actuator start position is
determined based on a previously estimated actuator contact point therefore aliows for faster and more
well-timed machine output force response to a manually imparted force in situations when gripping tasks
that are substantially similar are repeatedly and/or sequentially performed.

In general, the above-described examples are freely combinable as applicable.

Hence, the invention is not limited to the said embodiments, but can be varied across the full scope of
the enclosed claims.
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CLAIMS

1

A system for strengthening a gripping movement performed with one or more fingers of a
human hand enclosed in a glove with at least one glove finger and comprising at least one
artificial tendon extending along the inside of the glove and being connected o an actuating
means, at least one sensor means sifuated on the inside of at least one of the at least one
glove fingers and arranged {0 detect a force between a finger enclosed in the glove finger
and a contact surface applied to the finger, said system further comprising a control system
arranged o cause the at least one acluator 10 exert a pulling force on the artificial tendon of
at least one giove finger on the basis of a force detected by the at least one sensor means
arranged o detect a respective force between a respective human finger wearing the
respective glove finger and a respective contact surface onto which said gripping
movement is applied, whereby a gripping movement performead by a human hand wearing
the glove is strengthened, which control system is arranged 10 read a respactive sensor
measurement value from the at least one sensor means, and to confrol the regpective
machine output force applied by the at least one acluating means using a force
strengthening feedback loop based upon sensor measurement values obtained from at
least one of the at least one sensor means, wherein the control system is configured to
estimate the actuator contact point for at least one of the at least one acluating meang,
where the actuator contact point is defined by the actuator position where the artificial
tendon connected o the respective actuating means is just tight enough to fransfer force.

The system according to claim 1, wherein said control system is configured 1o perform said
gstimation of the actuator contact point during the gripping movement and when the
respective actuator is moved above the actuator contact point.

The system according to any of claims 1 and 2, wherein said system comprises at least one
tension sensor for detecting the tension in at least one of the at least one arlificial tendon,

and wherein said control system is configured o estimate the unique actuator contact point
at least partly based on tension measurement data obtained by the control system from the

at least gne tension sensor.
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10.

The system according to claim 3, whersin the system comprises at least ons fension sensor
for continucusly measuring the curent tension in the at least one artificial tendon, and
wherein the controf system is configured to continuously obiain tension measurement data
from at least one tension sensor and use the obtained tension measurement data in an
algorithm or function for improved accuracy in the estimation of the actuator contact point
for at least one of the at least one actuating means.

The system according 10 any of claims 1 to 2, wherein said control system is configured to
estimate the actuator contact point based on an algorithm and/or approximation model for

estimating the tension in the respective at least one artificial tendon.

The system according to claim 5, wherein said control system is configured fo estimate the
tension in the respective at least one artificial tendon based on a linear approximation
model using the assumption that the tension rises linearly from the actuator contact point fo
a current actuator position when the estimation of the actuator confact point is performed.

The system according {0 any of the preceding claims, wherein the conlrol system is
configured to estimate the respective unigue actuator contact point for individual gripping
movements at a cerfain respeciive pre-determined actuator position for the at least one
actuating means when the fension in the respective artificial tendon is sufficiently high for
accourately estimating the actuator contact point.

The system according to any of claims 5 to 7, wherein the confrol system is configured fo
perform the estimation of the actuator contact point for the at least one of the at least one
actuating means solely based on a tension estimation model and without obtaining any

tension measurement data measuring the tension in the at least one artificial tendon,

The system according to any of the preceding claims, wherein said control system is
configured to determineg and adjust, for the next gripping movement, the actuator start
position for at least one of the at least one actuating means based on the estimated
actuator contact point.

The system according to any of the preceding claims, wherein said control system is
configured to determing and adjust, for the next gripping movement, the actuator start
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12.

13.

14,

15,

16,

position for at least one of the at least one actuating means af least partly based on
estimated actuator contact points for a plurality of previous gripping movements.

11. The system according to any of the preceding claims, wherein said control system is

configured to determine and adjust, for the next gripping movement, the actuator start
position for at least one of the at least one actuating means solely based on an estimated
actuator contact point for the current gripping movement using a tension estimation model
and without first oblaining measurement data from any tension sensor for measuring the

tension in the at least one ardificial tendon.

The system according to any of the preceding claims, wherein, following the release of a
grasp after a gripping movement, the control system is configured o control the at least one
actuating means 50 that the respective at least one actuaior of the at least one actuating
means is backed out to a respective actuator start position substantially coresponding to
the estimated actuator contact point.

The system according to any of the preceding claims, wherein, foliowing the release of a
grasp after a gripping movement, the system is configured {o control the at least one
actuating means s0 that the respective at least one actuaior is backed out fo a regpective
actuator start position substantially corresponding to the estimated actuator contact point
for the immediately preceding gripping movement,

The system according to any of the preceding claims, wherein, following the release of a
grasp after a gripping movement, the control system is configured to control at ieast one
actuating means so that a respective at least one actuator of the at least one actuating
means is backed out to an actuator start position slightly below the estimated actuator
contact point.

The system according to any of claims 14, wherein, following the release of a grasp after a
gripping movement, the control system is configured o control the at least one actuating
means s¢ that a respective at least one actuator of the at least one actuating means is
backed out to an actuator start position which is more than 2 mm below the estimated
actuator contact point.

The system according to any of claims 8 to 15, wherein, after the respective atleastone
actuater having backed out 1o a actuator start position, the conbrol system is further
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17.

18.

20.

configured to control at least one actuator of the at least one actuating means tomove in @
cyclic wavetorm from the actuator start position so that the at least one actuator is first
moving in the positive direction and then back fo the start position, thereby causing an
increase in the motor forque that can be used for determining an intention by the user of the
glove {0 open the hand further.

The system according to any of claims 9 to 16, wherein, after the respective at least one
actuator having backed cut to an actuator start position, the control system is further
configured to conirol at least one actuator of the at least one actuating meanstomove in a
sawiooth pattern from the actuator start position so that the at least one actuator is moving
slowly in the positive direction and then quickly back fo the actuator start position, thereby
causing an increase in the motor torque that can be used for determining an intention by

the user of the glove o open the hand further.

The system according to any of claims 16 and 17, wherein the system comprises at least
hwo actuators and the controf system is configured to control the atleast one actuating
means so that the starting time of the respective cyclic waveform or sawtooth cycle is offset
between the at least two actuators to thereby increass the amount of time when at least
one of the actuator is moving in the positive direction, thereby an intention by the user of
the glove o open the hand further can on average be sensed more quickly.

. The system according to any of claims 16 to 18, wherein system comprises at least two

actuators and the control sysiem is configured to control the at least one actuating means
so that the starting time of the respective cyclic waveform or sawtooth cycle is offset
between the at least two acluators so that at least one of the actuators is always moving in
the positive direction, thergby an intention by the user of the glove 1o open the hand further
can be sensed at any time.

Method for operating a strengthening glove with at least one glove finger, which glove is
arranged to strengthen a gripping movement performed by a human hand wearing the
glove, which glove comprises at least one sensor arranged to detect, in atleast one
measurement location on the palm side of said at least one glove finger, a respective force
between a respective human finger wearing the respective glove finger and a respective
contact surface onto which said gripping movement is applisd, which glove further
comprises at least one acluating means arranged to impart a force o a respective one of
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21,

22,

23,

24,

said glove fingers, which glove further comprises a control system, arranged to read
respective measurement values from the at least one sensor and {o conirol the respective
force applied by said at least one actuating means using a force strengthening feedback
loop based upon the said measurement values, the method comprises the steps of

a) reading, by the control system, sensor measurement values from the at least one sensor
during a gripping movement;

b} controlling, by the control system, the machine output force applied based on the sensor
measurement values read from the at least one sensor, and

¢} estimating, by the control system, the actuator contact point for at least one actuator of
the at least one actuating means, where the actuator contact point is defined by the position
of the actuator where the artificial fendon connected fo the respective actuating means is
just tight enough 1o fransfer force.

The method according to claim 20, further comprising estimating the tension in the
respective at least one artificial tendon based on an approximation mode! using the
assumption that the tension rises from the actuator contact point 1o a current actuator
position when the estimation of the actuator contact point is performed.

The method according to any of claims 20 and 21, wherein the estimation of the respective
unique actuator contact point for individual gripping movements is performed by the control
system when the tension has risen above a certain threshold when the at least one ariificial
tendon is tight.

The method according to any of claims 20 to 22, further comprising estimating the actuator
contact point for the al least one of the at least one actuating means solely based on a
tansion estimation model and without oblaining any fension measurament data measuring

the tension in the at least one artificial tendon.

The method according to any of claims 20 fo 22, wherein the system comprises at least one
tension gstimation sensor for measuring the current tension in the at least one artificial
fendon, and the method further comprising obtaining, by the control system, fension
measurement data from the at least one tension estimation sensor and using the oblained
tension measurement data in an approximation modal for estimating the actuator contact

point for at least one of the at least one actuating means.
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25,

26.

27.

28,

29,

30.

3.

The method according to any of claims 20 to 24, further comprising determining, for the
next gripping movement, the actuator contact point for at least one of the atleast one
actuating means at lsast partly based on an estimated actuator contact point for the current

gripping movement.

The method according to any of claims 20 to 24, further comprising determining, for the
next gripping movement, the actuator contact point for at least one of the atleast one
actuating means solely based on an estimated actuator contact point Tor the current

gripping movement.

The method according to any of claims 20 to 24, further comprising determining, for the
next gripping movement, the actuator contact point for at least one of the at least one
actuating means based on sstimated actuator contact points for a plurality of previous

gripping movements.

The method according to any of claims 20 to 27, further comprising, following the release of
a grasp after a gripping movement, controlling the at least one acluating means so that the
actuating means are backed out 1o a posilion substantially corresponding to the esiimated
actuator contact point for a previous gripping movement,

The method according fo any of claims 20 fo 27, further comprising, following the release of
a grasp after a gripping movement, controliing the at least one actuating means so that the
actuating means are backed out 10 a position substantially corresponding fo the estimated

actuator contact point for the immediately preceding gripping movement.

The method according to any of claims 20 to 29, further comprising, following the release of
a grasp after a gripping movement, controlling, by the control system, the at least one
actuating means so that the respective at least one actuator is backed out fo arespective
actuator start position substantially corrasponding to the estimated actuator contact point
for the immediately preceding gripping movement.

The method according to any of claims 20 to 30, further comprising, following the release of
a grasp after a gripping movement, controlling, by the control system, the at least one
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32.

33.

34.

35.

38.

actuating means so that the respective at least one actualor of the at least one actuating
means is backed out to an actuator start position slightly below the estimated actuator
sontact point

The method according to any of claims 20 to 31, further comprising, following the release of
a grasp after a gripping movement. conirolling the at least one acluating means sothat a
respective at least one actuator of the al least one actuating means is backed out fo an
actuator start position which is more than 2 mm below the estimated actuator contact point.

The method according to any of claims 20 to 32, further comprising, after having backed out
{0 an actuator position substantially corresponding to the respective estimated actuator
contact point, controlling, by the control system, the at least one actuator of the at least one
actuating means t0 move in a cyclic waveform from the actuaior start position so that the at
feast ong actuator is first moving in the positive direction and then back to the start position,
thereby causing an increase in the motor forque that can be used for determining an
intention by the user of the glove {0 open the hand further.

The method according to any of claims 20 to 32, further comprising, after having backed out
{0 an actuator position substantially corresponding to the respective estimated actuator
contact point, further comprising controliing, by the control system, at least one actuator of
the at least one actuating means 1o move in a sawtooth pattern from the actuator start
position so that the at least one actuator is moving slowly in the positive direction and then
quickly back to the siart position, thereby causing an increase in the motor torque that can
be used for determining an intention by the user of the glove to open the hand further.

The method according to any of claims 33 and 34, wherein said system comprises af least
two actuators, said method further comprising confrolling, by the control system, the at least
one actuating means so that the starting time of the respective cyclic waveform or sawtooth
cvcle is offset between the at least two actuators 1o thereby increase the amount of fime
when at least one of the actuator is moving in the positive direction, thereby an intention by
the user of the glove to open the hand further can on average be sensed more quickly

The method according to any of claims 33 fo 35, wherein the system comprises at least two
actuators, and the method further comprising offsetting the starting time of the respeciive

cyclic waveform or sawtooth cycle between the at least two actuators so that at least ong of
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the actuators is always moving in the positive direction, thereby an intention by the user of
the glove o open the hand further can be sensed at any time.
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